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ABSTRACT

Role of Mitochondria in Postmortem Proteolysis and Meat Tenderness

by

David Son Dang, Doctor of Philosophy
Utah State University, 2022

Major Professor: Dr. Sulaiman K. Matarneh
Department: Nutrition, Dietetics, and Food Sciences
Among the eating quality attributes of meat, tenderness is often considered the most
critical factor in dictating overall consumer satisfaction and future purchases. Several
intrinsic and extrinsic factors are known to impact meat tenderness, including postmortem
proteolysis, connective tissue content and solubility, sarcomere length, and intramuscular
fat content (marbling). Nevertheless, it is generally accepted that the extent of postmortem
proteolysis of myofibrillar and cytoskeletal proteins is the main contributor to end-product
tenderness. Several endogenous proteolytic systems are known or have been suggested to
play a role in postmortem proteolysis, including calpains, cathepsins, proteasomes, and
caspases. Notably, the calcium-dependent calpain system, specifically calpain-1, is deemed
the primary proteolytic system in action during postmortem aging. However, variation in
meat tenderness still exists, suggesting that the mechanisms and modulators of proteolysis
are not fully understood. Recent research demonstrates that mitochondrial abundance and
functionality may be involved in modulating postmortem proteolysis, although their exact
role is unknown. Moreover, mitochondria-mediated cellular events such as calcium
homeostasis, apoptosis, and oxidative stress may greatly impact end-product tenderness.
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Therefore, the overall hypothesis of this research is that variation in beef tenderness may
be more thoroughly explained and predicted by mitochondria content and functionality
within postmortem muscle. This research project is comprised of four main objectives that
aim to address this hypothesis.
The purpose of objective 1 was to examine the role of mitochondria in postmortem
calcium homeostasis and its effect on proteolysis and tenderness. We hypothesized that
mitochondria buffer cytosolic calcium levels and delay the activation of calpain-1 and
subsequently the extent of proteolysis. To test this hypothesis, we inhibited mitochondrial
calcium uptake in pre-rigor bovine longissimus thoracis et lumborum (LTL) muscle
samples (n = 8) using an inhibitor specific for the mitochondrial calcium uniporter (MCU).
Inhibition of the MCU increased (P < 0.05) cytosolic calcium concentration and calpain-1
autolysis and activity. Further, proteolysis and tenderness were enhanced (P < 0.05) in the
treated steaks. Collectively, these data indicate that inhibition of mitochondrial calcium
uptake enhances postmortem proteolysis and tenderization through an early activation of
calpain-1.
The aim of objective 2 was to investigate possible differences in muscle fiber
characteristics of beef longissimus lumborum steaks varying in tenderness (very tender vs.
intermediate tender; n = 8/category). In this study, the activity/abundance of several
glycolytic and oxidative enzymes and the abundance of myosin heavy chain (MHC)
isoforms were compared between the two steak groups. Greater (P < 0.05) content of MHC
type IIa (MHC-IIa) and activities of phosphofructokinase (PFK) and glycogen
phosphorylase (GP) were observed in the very tender steaks, suggesting an association
between tenderness and glycolytic capacity. In conjunction, greater (P < 0.05) proteolysis,
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as evaluated by desmin and troponin-T degradation, was observed in the very tender steaks.
Conversely, intermediate tender steaks had greater (P < 0.05) contents of MHC type I
(MHC-I), MCU, and succinate dehydrogenase (SDH) and greater citrate synthase (CS)
activity. Collectively, shifting muscle characteristics toward a more glycolytic type appears
to positively impact postmortem proteolysis and tenderization.
In a follow up study (objective 3), proteomic profiling of the same set of samples
utilized in objective 2 was conducted, with the intention to identify potential biomarkers
related to tenderness. Using Tandem Mass Tag (TMT)-based proteomics, a total of 876
proteins were identified, of which 51 proteins were differentially abundant (P < 0.05). A
greater (P < 0.05) relative abundance of proteins associated with carbohydrate metabolism
and apoptosis, and a lower (P < 0.05) relative abundance of proteins involved in muscle
contraction was observed in the very tender steaks, suggesting that more proteolysis
occurred in these samples compared to their intermediate tender counterparts. This may be
explained by the greater (P < 0.05) abundance of chaperonin and calcium binding proteins
in the intermediate tender steaks, which could have limited the extent of postmortem
proteolysis. In addition, greater (P < 0.05) abundance of connective tissue proteins was
also observed in the intermediate steaks, which likely contributed to the difference in
tenderness due to added background toughness.
Lastly, to better understand the contribution of mitochondria to postmortem
apoptosis and its significance to meat tenderness (objective 4), ultrasonication was utilized
as a tool to disrupt mitochondria in beef samples. In this study, post-rigor LTL steaks (n =
8) were subjected to ultrasonication at 40 kHz and 12 W/cm2 for 40 min and subsequently
aged for 14 d. Ultrasonication improved beef tenderness (P < 0.05) without negatively
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impacting pH, color, or cook loss (P > 0.05). Improved tenderness in the ultrasonicated
steaks was associated with greater degradation of titin, desmin, troponin-T, and calpastatin
and increased calpain-1 autolysis and caspase-3 activity (P < 0.05). In addition,
ultrasonicated steaks had greater levels of cytosolic calcium and reactive oxygen species
and a lower mitochondrial oxygen consumption rate (P < 0.05). These data indicate that
improved beef tenderness following ultrasonication is, in part, a function of increased
calpain-1 and caspase-3 activities, potentially by elevating cytosolic calcium and inducing
mitochondrial dysfunction, respectively.
In totality, the results from this research project showed that mitochondrion could
contribute to postmortem proteolysis and tenderness by modulating cytosolic calcium
levels and, subsequently, calpain-1 activity. Furthermore, muscle possessing more
glycolytic characteristics appears to be positively associated with greater postmortem
proteolysis and meat tenderness. While these findings suggest that greater mitochondrial
abundance may initially delay postmortem proteolysis and negatively impact meat
tenderness, mitochondria can later improve tenderness by participating in apoptosis and
further activating the caspase system. In conclusion, although this project demonstrates
that the mitochondria can contribute to the development of meat tenderness, it is imperative
that we consider that these effects may be species, breed, and muscle dependent.
(201 Pages)
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PUBLIC ABSTRACT

Role of Mitochondria in Postmortem Proteolysis and Meat Tenderness

David Son Dang

Among all eating quality characteristics in beef, tenderness is regarded as one of
the most important traits. Previous research indicates that consumers are willing to pay a
premium for beef guaranteed to be tender. Yet, tenderness is difficult to control and predict
as it is influenced by a multitude of factors. Among these factors, meat aging has been
shown to be a strong determinant of tenderness. Meat aging describes a process in which
muscle tissue is broken down by other proteins within the muscle, resulting in a more tender
product after cooking. Two well-recognized proteins that participate in the breakdown of
muscle tissue are known as calpains and caspases. The process of breaking down muscle
tissue is necessary to achieve the desirable palatability that consumers seek in beef and is
an essential phenomenon for converting muscle tissue into edible meat. However, even
knowing this, issues with producing meat products that are consistently tender still exist.
This suggests that there are other factors that are influencing the aging process that we do
not quite understand. Known as the “power house” of a cell, mitochondria are responsible
for generating a large portion of the necessary energy that is required for organisms to live.
Mitochondria are often ignored for their role in the conversion of muscle to meat due to
requiring oxygen to function. However, these organelles can participate in other functions
that do not require oxygen, such as sequestering calcium and signaling for cell death in the
muscle. Interestingly, these two events are associated with calpain and caspase activities,
and hence, could potentially partially explain the variation observed with meat tenderness.
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Therefore, we hypothesize that mitochondria influence the aging process by limiting
available calcium for calpains momentarily but later enhancing tenderness by participating
in cell death. To test this hypothesis, we evaluated the effects of calcium uptake by the
mitochondria on tenderness, different muscle characteristics and proteins of steaks that
vary in tenderness, and the ability of the mitochondria to initiate cell death in meat.
Our results showed that mitochondria could influence meat tenderness by
controlling cellular calcium levels, and subsequently, calpain activity. Furthermore,
muscles that possess less mitochondria appear to positively impact meat tenderness.
Although the results suggest that more mitochondria negatively impact tenderness, our
results also indicated that mitochondria could improve tenderness by participating in cell
death by activating the caspase system. In conclusion, this project demonstrates that the
improvement in meat tenderness may be partly regulated by the presence of mitochondria
in the muscle, yet it is important to consider that the observed effects may be species, breed,
and muscle dependent.
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CHAPTER I
INTRODUCTION

Among the eating quality attributes of cooked meat, tenderness is often considered
the most critical factor in dictating overall consumer satisfaction and future purchases
(Miller, Carr, Ramsey, Crockett, & Hoover, 2001). Several intrinsic and extrinsic factors
are known to impact meat tenderness, including the rate and extent of postmortem
metabolism (England et al., 2016), connective tissue content and solubility (Totland, Kryvi,
& Slinde, 1988), and intramuscular fat (marbling) content (Calkins, Dutson, Smith,
Carpenter, & Davis, 1981). Nevertheless, it is generally accepted that the extent of
postmortem proteolysis that occurs during meat aging is the main attributor to end-product
tenderness (Geesink, Kuchay, Chishti, & Koohmaraie, 2006; Kemp, Sensky, Bardsley,
Buttery, & Parr, 2010). The process involves enzymatic degradation of cytoskeletal
proteins that ultimately leads to the disruption of muscle structural integrity, resulting in
tenderization. An accumulation of work has indicated that several endogenous proteolytic
systems are known or suggested to play a role in postmortem proteolysis (Kemp et al.,
2010; Lonergan, Zhang, & Lonergan, 2010; Ouali et al., 2013). Such systems include
calpains, cathepsins, proteasomes, and caspases. Notably, the calpain system is deemed the
primary proteolytic system in action during postmortem aging (Geesink et al., 2006).
However, variation in meat tenderness still exists within the same and across different
muscles, species and breeds, even when they are under the same breeding management,
suggesting that the mechanisms and modulators of proteolysis are not fully understood.
Traditionally, mitochondria are known to only function aerobically and are often
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ignored during the postmortem period. Although mitochondrial respiration is limited
postmortem, mitochondrial content and functionality remain intact hours after harvest
(Tang et al., 2005). Several studies that have utilized an in vitro model have shown that the
presence of mitochondria can influence the rate and extent of postmortem metabolism
(England et al., 2016; Matarneh et al., 2017; Scheffler, Matarneh, England, & Gerrard,
2015). Moreover, mitochondria can also participate in other cellular processes, including
oxidative stress, calcium homeostasis, and apoptosis in living muscle (Celsi et al., 2009;
Wang, Han, Ma, Yu, & Zhao, 2017). In fact, active mitochondria can buffer large amounts
of intracellular calcium within a muscle cell (Lehninger, 1970). Calcium serves as an
essential modulator for various biochemical and physical changes occurring in postmortem
muscle, which includes muscle contraction, activation of apoptotic pathways, and as an
activator for the calpain system (Lonergan et al., 2010). Due to their ability to uptake
calcium, mitochondria may play a role in postmortem proteolysis, by modulating calpain
activation. The relationship between mitochondria and meat tenderness deepens as we
consider the role of increasing intracellular calcium leading to the initiation of
mitochondrial apoptosis, which activates other proteolytic systems such as the caspase
system (Hajnóczky et al., 2006). Therefore, there is a need to understand the contribution
of mitochondria to postmortem proteolysis.
The overall hypothesis of this research project is that mitochondria can influence
postmortem proteolysis through cytosolic calcium modulation and apoptotic mechanisms.
The project is comprised of four main objectives that aim to address this hypothesis. The
objectives were as followed: 1) Determine mitochondrial role in postmortem calcium
homeostasis and its effect on proteolysis, 2) examine differences in muscle fiber type
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composition between beef steaks varying in tenderness, 3) proteomic profiling of steaks
varying in tenderness, and 4) investigating the relationship between mitochondrial
apoptosis and beef tenderness. By addressing these objectives, we aim to better understand
the relationship between mitochondria and tenderness in bovine longissimus muscle.
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CHAPTER II
LITERATURE REVIEW

2.1. Skeletal muscle structure
Skeletal muscle is a highly organized tissue comprised of muscle cells, connective
tissues, blood vessels, and nerves. The structural hierarchy of skeletal muscle is presented
in Fig. 1. Each muscle is encapsulated by a connective tissue sheath known as the
epimysium. The epimysium's primary role is to separate the muscle from other tissues and
organs and provide support to the muscle. Within each muscle, muscle cells (fibers) are
organized into bundles (fascicles) surrounded by another connective tissue layer, the
perimysium. Surrounding each muscle cell is the innermost connective tissue layer,
endomysium. Together, the three connective tissue layers provide stability during
contraction and transmit the generated contractile force to tendons that attach the muscle
to bones (Frontera & Ochala, 2015; Purslow, 2010).

Fig. 2-1. Skeletal muscle is organized hierarchically, with each level of organization being
separated by a sheath of fibrous elastic connective tissue layer. The outermost layer, the
epimysium, encapsulates the entire muscle. The perimysium lies within each muscle and
surrounds a bundle of muscle fibers. The endomysium is the innermost layer that separates
individual muscle fibers from one another. Within each fiber lies the myofibril, consisting
of repeating contractile units known as sarcomeres. Each sarcomere is composed of
interdigitating thick (myosin) and thin (actin) myofilaments (Listrat et al., 2016).
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Skeletal muscle fibers are cylindrical, multinucleated cells that contain
longitudinally oriented organelles known as myofibrils. Surrounding and located
peripherally of each myofibril is the sarcoplasmic reticulum (SR), an organelle that stores,
releases, and sequesters calcium (Endo, 1977). The SR interacts intimately with the
transverse tubules (T-tubules), which are invaginations of the sarcolemma (cell membrane)
that extend deep into the cell (Franzini-Armstrong, 1975). A triad or calcium releasing unit
is formed when two cisternae of the SR are in contact with a T-tubule (Al-Qusairi &
Laporte, 2011). Following muscle stimulation, an action potential is transmitted down the
T-tubules, triggering the release of calcium from the SR to initiate muscle contraction.
Mitochondria are organelles located in the sarcoplasm (cytoplasm of muscle cells) that play
a crucial role in generating the energy necessary for muscle functionality. There are two
distinct populations of mitochondria that exist in skeletal muscle (Adhihetty, Ljubicic,
Menzies, & Hood, 2005): the first is located underneath the sarcolemma (subsarcolemmal
mitochondria), while the second is embedded between myofibrils and known as
intermyofibrillar mitochondria (Hoppeler & Fluck, 2003).
Within each myofibril are sarcomeres; the basic contractile units of a muscle fiber.
Sarcomeres are located between two Z-lines and consist of two interdigitating
myofilaments: thin filament actin and thick filament myosin. The thin filament is composed
mainly of filamentous actin chains and the two regulatory proteins, troponin and
tropomyosin. This thin filament is anchored to the Z-line and extends from each side
towards the center of the sarcomere (M-line). On the contrary, the thick filament is attached
to the M-line and extend towards the Z-line, overlapping with actin filaments in certain
regions. The unique orientation of these two filaments forms alternating light and dark
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bands within the sarcomere, which gives the striated appearance of the myofibrils (Rall,
2018). The A-band, which spans the entire length of the myosin filament, composed of
regions where only thick filaments exist (H-zone) and thick and thin filaments overlap. In
contrast, the I-band is comprised of only actin filaments that are peripheral to the A-band
and adjacent to the Z-line. Together, myosin and actin along with large structural proteins
such as titin, nebulin, and obscurin make up most of the sarcomere organizational and
mobile unit.

Fig. 2-2. (a) A graphical representation of the main components within a sarcomere. This
basic contractile unit of skeletal muscle lies between two Z-lines. Anchored to the Z-lines
are actin filaments that extend towards the M-line. Myosin filaments, on the other hand,
are anchored at the M-line in the middle of the sarcomere and extend towards the Z-lines.
The actin and myosin filaments overlap in the peripheral regions of the A-band. (b) An
electron photomicrograph showing repeated dark and light bands caused by the
overlapping and non-overlapping regions of the sarcomere, between myosin and actin
filaments (Listrat et al., 2016).
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2.2. The conversion from muscle to meat
During the postmortem period, physical and biochemical changes occur in the
muscle that lead to its conversion to meat. Exsanguination of an animal leads to a rapid
decline in oxygen within the muscle, thereby inhibiting aerobic metabolism. In a futile
attempt to maintain cellular function and homeostasis under anoxic conditions, postmortem
metabolism functions anaerobically to generate ATP (Robergs, Ghiasvand, & Parker,
2004). Under these conditions, the supply of ATP is limited to the phosphagen system and
glycogen mobilization through glycogenolysis and glycolysis. However, these systems are
short lived and inefficient in supplying ATP for cellular function in postmortem muscle
(Matarneh, England, Scheffler, & Gerrard, 2017), which leads to the development of rigor
mortis and eventually the death of muscle cells.
Skeletal muscle remains extensible during the early postmortem period, as ATP is
still available for the release of actomyosin cross-bridges (Bendall, 1973). However, as
ATP becomes limited, the extensibility of the muscle begins to decline, a phenomenon
referred to as rigor mortis (stiffness of death). Once ATP is completely depleted, maximum
number of irreversible actomyosin cross-linkages is formed and extensibility of the muscle
is at its minimum (Bate-Smith & Bendall, 1947). However, during postmortem storage of
meat (aging), proteolytic degradation of cytoskeletal proteins weakens the overall muscle
structure and relieves the tension (resolution).
For every ATP that is hydrolyzed by myofibrillar ATPases postmortem, a hydrogen
ion (H+) is produced that acidifies the cellular environment (Hamm, 1977; Robergs et al.,
2004). Thus, pH in postmortem muscle declines from approximately 7.2 to an ultimate pH
(pHu) of about 5.5-5.7 (Van Laack, Kauffman, & Greaser, 2001). The decline in pH and
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rigor mortis are two intertwining events that occur in postmortem muscle, as they are both
functions of ATP hydrolysis/availability (Bate-Smith & Bendall, 1947).

2.3. Factors influencing meat tenderness
Tenderness is the most important eating quality factor affecting consumer
satisfaction (Miller, Carr, Ramsey, Crockett, & Hoover, 2001). It is largely determined by
three essential factors: connective tissue content and solubility (background toughness),
sarcomere length, and postmortem proteolysis (Rhee, Wheeler, Shackelford, &
Koohmaraie, 2004; Wheeler, Shackelford, & Koohmaraie, 2000). In addition,
intramuscular fat (marbling) also indirectly influences tenderness in meat (Gagaoua,
Bonnet, & Picard, 2020). Both marbling and connective tissue content and solubility are
related to muscle structure and composition, while sarcomere length and proteolysis are
largely established during rigor development and resolution, respectively. The percent
contribution of each factor to meat tenderness/toughness varies between species, breeds,
muscle types, and management strategies which makes predicting and controlling meat
tenderness difficult. Thus, careful consideration must be taken when addressing the topic
of meat tenderness, as one factor does not always supersede another in defining ultimate
tenderness.
2.3.1. Connective tissue content and solubility
The term “background toughness” often implicates the relative contribution of
connective tissue content and solubility, mainly collagen, to the overall tenderness of meat
(Sullivan & Calkins, 2011). Background toughness is inherent to each individual animal
and muscle type and can dictate tenderness prior to animal harvested. Connective tissue is
mainly comprised of the two fibrous proteins, collagen and elastin, that are surrounded by
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a proteoglycan matrix (Purslow, 2005). In bovine muscle, collagen makes up 1-15% of the
entire muscle on a dry weight, while elastin represents a smaller portion, approximately
0.6-3.7% (Bendall, 1967; Purslow, 2005). In fact, collagen is the most abundant protein in
the entire body and 16 different isoforms exist (Lodish et al., 2000). To date, collagen types
I, III, IV, V, VI, XII, and XIV have been identified in connective tissue of bovine skeletal
muscle (Listrat et al., 2000; Listrat, Picard, & Geay, 1999). Types I and III are the major
isoforms that make up the three organizational connective tissue layers of skeletal muscle,
with approximately 90% being present in the perimysium (McCormick, 1994; Purslow,
2005).
Listrat et al. (2020) reported a negative correlation between connective tissue
content and sensory panel tenderness scores of different beef muscles. Similarly,
instrumental evaluation of tenderness using Warner-Bratzler shear force (WBSF) indicated
a positive association between the amount of force required to shear a meat sample and the
content of connective tissue (Liu, Nishimura, & Takahashi, 1996). Generally, the variation
in connective tissue content between muscles is reflective of their biomechanical
differences. Muscle that are more physically active, typically contain greater amounts of
connective tissue (Purslow, 2005). Moreover, meat that is obtained from older animals
tends to be tougher compared to animals that are of younger age (Hopkins, 2017). As an
animal ages, collagen becomes both thermally and mechanically more stable by having
more covalent inter- and intra-molecular cross-linkages. This, in turn, reduces its solubility
during cooking, thereby resulting in a tougher piece of meat (Dikeman, Tuma, & Beecher,
1971; Fang, Nishimura, & Takahashi, 1999).
2.3.2. Intramuscular fat
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Intramuscular fat (IMF) is defined as the adipose tissue that is deposited within a
muscle. IMF is often used interchangeably with the term “marbling” to describe the white
flecks or streaks of adipose tissue between muscle bundles (Harper & Pethick, 2004).
Marbling scores of a meat product are obtained through both visual appraisals by trained
evaluators and image analysis (Lee, Yoon, & Choi, 2019). Unlike other adipose depots,
such as intermuscular and subcutaneous fat, the degree of marbling is used as an indicator
of beef quality in the USDA quality grading system (Cheng, Cheng, Sun, & Pu, 2015;
Killinger, Calkins, Umberger, Feuz, & Eskridge, 2004; USDA, 1997), and can greatly
influence the price of beef and purchasing decision of consumers (Smith, Berry, Savell, &
Cross, 1988).
In heavily marbled beef, the density of intramuscular connective tissue (perimysial
collagen) and myofibrils are diluted by the presence of IMF (Nishimura, Hattori, &
Takahashi, 1999; Thompson, 2004). In this case, marbling can indirectly increase sensory
and instrumental tenderness by disrupting the connective tissue network. Thus, an increase
in IMF is beneficial in muscles where connective tissue is prominent or in older animals
where more crosslinks of collagen are present (Webb & O’neill, 2008). However, the
relationship between the amount of IMF and overall tenderness in meat is not always
consistent (Seideman, Koohmaraie, & Crouse, 1987). Campion, Crouse, and Dikeman
(1975) indicated that IMF only accounts for 3-10% of the variation in sensory tenderness
scores of beef. Rather, IMF appears to have a stronger influence on juiciness and flavor
and serves as a “lubricant” during chewing, thereby giving the perception of increased
tenderness (Font-i-Furnols, Tous, Esteve-Garcia, & Gispert, 2012; Jeremiah, Dugan,
Aalhus, & Gibson, 2003).
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2.3.3. Sarcomere length
The length of the sarcomere in living muscles varies between animals and muscle
types. The variation can be influenced by age, with length tending to increase as the animal
becomes older but does not lengthen more than 20% from the length at birth (Ertbjerg &
Puolanne, 2017). Moreover, the length of a sarcomere is, in part, controlled by body size,
posture, and muscle function (Williams & Goldspink, 1971). However, shortening of
postmortem muscle due to lack of ATP, as previously discussed, inevitability generates a
sarcomere of shorter length. It is well documented that muscles with shorter sarcomeres
are perceived to be tougher (Herring, Cassens, & Rriskey, 1965; Marsh & Leet, 1966).
More overlapping between the myofilaments occurs in shorter sarcomeres, forming a
denser network of actomyosin linkages that coagulate into firmer gels upon cooking,
resulting in tougher meat (Marsh & Carse, 1974; Marsh, Leet, & Dickson, 1974).
One variable that can influence muscle shortening during the early postmortem
period is temperature. Thaw rigor and cold shortening are two conditions associated with
low-temperature exposure during the early postmortem period. Thaw rigor describes a
phenomenon where a pre-rigor muscle is subjected to freezing, in which extensive
shortening occurs when the muscle is thawed (Marsh & Thompson, 1958). The formation
of ice crystals upon freezing disrupts the SR within the muscle cells, leading to a sudden
release of calcium into the cytosol after thawing. This, in turn, can enhance tenderness
through the activation of calcium dependent proteases, however consequently generates a
drier product due to loss of water retention. When ATP is still available, like in the case of
pre-rigor muscle, the combination of high intracellular calcium and ATP initiates a strong
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muscle contraction, leading to a shorter sarcomere and tougher product (Herring et al.,
1965).
Cold shortening is a similar phenomenon to thaw rigor, but the extent to which the
muscle shortens is less severe. Cold shortening occurs when pre-rigor muscle is rapidly
chilled to a temperature that is less than 14°C (Locker, 1985). Such low temperatures
impair the ability of the SR to sequester calcium, which increases cytosolic calcium
concentration and subsequently muscle contraction. On the other hand, a muscle can also
shorten if it is kept at elevated temperatures for a prolonged period of time prior to rigor
completion (Marsh, 1954). During heat shortening, higher temperatures hasten postmortem
metabolism and acidification, leading to increased muscle protein denaturation and
impaired functionality. The extent of muscle shortening from exposure to high
temperatures is of a lower impact when compared to the effect of low temperatures
(Ertbjerg & Puolanne, 2017).
Because muscle shortening can detrimentally affect tenderness, many technical
advances have been made in the meat industry to limit shortening during the postmortem
period. Koohmaraie, Doumit, and Wheeler (1996) demonstrated that clamping both ends
of an excised muscle restricts its ability to shorten early postmortem and results in a more
tender product. However, while the muscle is still attached to the carcass, physical
restriction (stretching) is mainly imposed by how the carcass is positioned (Ertbjerg &
Puolanne, 2017). In practice, suspending the carcass from the aitchbone (Tenderstretch) or
Achilles tendon are two approaches that improve meat tenderness by lengthening the
sarcomere (Thompson, 2002).
2.3.4. Postmortem proteolysis
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Endogenous proteases are the most recognized contributor to postmortem
tenderization (Huff-Lonergan et al., 1996; Koohmaraie & Geesink, 2006; O'Halloran,
Troy, Buckley, & Reville, 1997). Koohmaraie (1988) described several criteria that must
be met for a protease to be considered part of the proteolytic system involved in
postmortem tenderization: 1) must be present in the skeletal muscle cell, 2) must be able
to breakdown the same proteins that are degraded during the postmortem period, and 3)
must have access to its substrate. If a protease meets all three conditions, there is a strong
likelihood that it is involved in the postmortem tenderization process.
There are four major proteolytic enzyme systems in skeletal muscle that can
potentially participate in postmortem proteolysis: cathepsins, proteasomes, calpains, and
caspases (Kemp, Sensky, Bardsley, Buttery, & Parr, 2010). Each system is unique in terms
of the requirements needed for its activation and the substrate that it can act on. Among
these systems, the calpain system is the most recognized and extensively researched in the
area of meat tenderization. Proteolysis by calpains, specifically calpain-1, is suggested to
be the main contributor to postmortem tenderization (Koohmaraie & Geesink, 2006),
however, the other candidates may play a smaller role and therefore should still be
discussed.
2.3.4.1. The calpain system
Calpains are cysteine proteases that can be ubiquitously expressed throughout the
mammalian body or in specific tissues (Perrin & Huttenlocher, 2002). Three calpain
isoforms are expressed in mammalian skeletal muscle: calpain-1 (μ-calpain), calpain-2 (mcalpain), and calpain-3 (p94) (Kemp et al., 2010). The ubiquitously expressed calpain-1
and -2 require micro- (3 – 50 μM) and millimolar (0.4 – 1 mM) concentration of free
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calcium, respectively, to become proteolytically active (Perrin & Huttenlocher, 2002).
However, only calpain-1 is suggested to have a major role in postmortem tenderization.
This is because calcium concentration in postmortem skeletal muscle does not generally
increase to the threshold level required for calpain-2 activation, and evidence regarding
p94 activity in postmortem proteolysis is limited (Geesink, Taylor, & Koohmaraie, 2005;
Koohmaraie, Seidemann, Schollmeyer, Dutson, & Crouse, 1987).
Calpain-1 and -2 exist as heterodimers sharing a structurally identical 28 kDa
regulatory subunit, but each contains a different 80 kDa catalytic subunit (Ohno et al.,
1990). The 80 kDa and 28 kDa subunits are comprised of six structural domains in total (I
– VI; Fig. 2-3), with domains II, III, IV, and VI containing binding sites for calcium
(Suzuki, Hata, Kawabata, & Sorimachi, 2004). In the presence of calcium, the 28 kDa
subunit dissociates from the complex, allowing for the 80 kDa catalytic subunit to become
proteolytically active (Suzuki et al., 2004). The dissociation is followed by an autocatalytic
hydrolysis (autolysis) of domain I, which reduces the mass of the 80 kDa subunit of
calpain-1 to 78 and subsequently 76 kDa. Similarly, calpain-2 is autolyzed to a 79 kDa
intermediate and to a final 78 kDa catalytic unit (Goll, Thompson, Li, Wei, & Cong, 2003).
Upon autolysis, the calcium concentration required for the half-maximal proteolytic
activity is reduced to 0.5–2 μM for calpain-1 and 50–150 μM for calpain-2 (Edmunds,
Nagainis, Sathe, Thompson, & Goll, 1991; Goll et al., 2003). The reduction in required
calcium, however, does not affect the specific activity of either enzyme (Edmunds et al.,
1991).
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Fig. 2-3. A schematic representation of the structure of calpain-1 and -2. The 80 kDa
catalytic subunit is comprised of domain I – IV while the regulatory 28 kDa subunit consist
of domain V and VI. Calcium binding can occur at domain sites II, III, IV, and VI. Once
calcium is bound, autolysis of calpain occurs at domain I which reduces the mass of the
catalytic unit to 78 and subsequently 76 kDa for calpain-1, and 79 kDa and 78 kDa for
calpain-2.

In addition to calcium, calpain activity is tightly regulated by its endogenous
inhibitor protein, calpastatin. In the presence of calcium, calpastatin binds to the active site
of calpain-1 and inhibits its proteolytic activity. The concentration of calcium required for
this binding is significantly lower than that required for calpain-1 and -2 activation (Goll
et al., 2003), with evidence suggesting only a minimum of ~ 42 nM and ~ 10 μM for calpain
binding and inhibition to occur, respectively (Kapprell & Goll, 1989). However, at higher
calcium levels calpastatin is degraded by calpains and other proteases in the muscle, which
reduces its inhibitory effect on calpain-1 (Doumit & Koohmaraie, 1999).
The role of calpastatin in inhibiting calpain activity during postmortem aging has
been thoroughly studied in meat (Kemp et al., 2010; Lonergan, Zhang, & Lonergan, 2010),
showing a strong association between calpastatin content and poor meat tenderness
(Shackelford et al., 1994). Evidence of calpastatin hindering postmortem tenderization
dates to early work conducted on callipyge lamb (Duckett et al., 1998; Koohmaraie,
Shackelford, Wheeler, Lonergan, & Doumit, 1995) and double muscled beef (Steen,
Claeys, Uytterhaegen, De Smet, & Demeyer, 1997), where both mutations are known to
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induce increased calpastatin levels in skeletal muscle. Calpastatin activity can also differ
amongst breeds. Bos indicus cattle generally possess higher calpastatin content and are
known to have tougher meat compared to Bos taurus cattle (Whipple et al., 1990).
2.3.4.2. Proteasomes
Proteasomes are proteases that participate in the breakdown of myofibrillar proteins
and are part of an intricate mechanism involved in protein turnover and regulation
(Taillandier et al., 2004). Proteasomes are expressed ubiquitously throughout several
tissues and are abundant in skeletal muscle (Dahlmann, Ruppert, Kloetzel, & Kuehn,
2001). Proteolysis by proteasomes is a ubiquitin-dependent process, thus, a protein must
be tagged with a poly-ubiquitin degradation signal to be targeted (Attaix, Combaret, Kee,
& Taillandier, 2003).
The proteasome is a 26S multi-catalytic protease complex consisting of a 19S
regulatory subunit and a 20S proteolytic active core (Coux, Tanaka, & Goldberg, 1996).
The 26S complex relies on the presence of ATP to maintain its structural stability (Peters,
Franke, & Kleinschmidt, 1994). In the absence of ATP, this complex dissociates into its
two subunits, 19S and 20S, with the latter functioning independently without the need for
ATP and ubiquitin (Peters et al., 1994). Being highly abundant in skeletal muscle and
capable of functioning independently of ATP and ubiquitin have led some to speculate that
the 20S proteasome may be an important candidate in postmortem tenderization of meat
(Kemp et al., 2010). In support of this, Lamare, Taylor, Farout, Briand, and Briand (2002)
indicated the proteasomes are still active at pH < 6 in bovine rectus abdominis muscle.
However, results from other studies did not show any improvement in meat tenderness due
to added proteasome. Koohmaraie (1992) concluded that proteasome degradation of

18
myofibrils does not significantly impact overall meat tenderness in comparison to
proteolysis by calpain-1. Furthermore, the proteasome's degradation patterns in vitro do
not mimic patterns observed in muscle during postmortem aging (Taylor et al., 1995).
2.3.4.3 Caspases
Caspases are a family of aspartate-specific proteases comprised of 14 members
expressed in different tissues and cell types (Fan, Han, Cong, & Liang, 2005). Caspases
are classified based on their predominant function into two groups: those involved in cell
death (apoptosis) or inflammation responses (Earnshaw, Martins, & Kaufmann, 1999).
According to Earnshaw et al. (1999) only apoptotic pathway caspases have the potential to
participate in postmortem tenderization, including initiator caspases 8, 9, 10, and 12 and
effector caspases 3, 6, and 7. There are two major pathways that lead to the execution of
apoptosis: the death receptor (extrinsic) pathway and the mitochondrial (intrinsic) pathway.
While these two signaling pathways are interconnected (Igney & Krammer, 2002), the
mitochondrial apoptosis pathway has been regarded as the main apoptotic pathway that
occurs during postmortem aging of meat (Huang et al., 2016).
In skeletal muscle, mitochondria play a major role in regulating free calcium
homeostasis (Giorgi et al., 2012). These organelles sequester a significant amount of
calcium to help maintain a constant intracellular calcium concentration. However,
postmortem mitochondrial conditions, including calcium overload, anoxia, and low ATP
triggers the opening of the mitochondrial permeability transition pores (Arnoult, Grodet,
Lee, Estaquier, & Blackstone, 2005). This event leads to the loss of mitochondrial
membrane potential, swelling of the mitochondria, and eventually rupture of the outer
membrane (Matarneh, Silva, & Gerrard, 2020), which allows the release of proteins located
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in the intermembrane space such as cytochrome c into the cytosol. In the cytosol,
cytochrome c initiates a cascade of events that result in the activation of the caspase system
(Denecker et al., 2000; Loeffler & Kroemer, 2000). Huang et al. (2016) reported an
increased abundance of apoptotic related proteins and caspase activity in postmortem beef
muscle. Specifically, caspase-3 seems to be the predominant protease that is involved in
the mitochondrial apoptotic pathway (Huang, Huang, Xue, Xu, & Zhou, 2011; Kemp, Parr,
Bardsley, & Buttery, 2006). Using a proteomic approach, enhanced beef tenderness was
shown to be associated with greater susceptibility to apoptosis (Gagaoua, Terlouw,
Boudjellal, & Picard, 2015; Rodrigues et al., 2017). Collectively, this suggests that
mitochondrial apoptosis, in part, may contribute to postmortem tenderization along with
other proteolytic systems and thereby dictating ultimate tenderness. Yet, the regulation of
caspases and their exact mechanism involving postmortem tenderization has not been
thoroughly understood in postmortem muscle and requires further investigation.
2.3.4.4. Cathepsins
The lysosomes within the muscle cell contain various proteolytic enzymes,
including a group of exo- and endopeptidases known as cathepsin (Bond & Butler, 1987).
Members of the cathepsin family are subdivided into cysteine (cathepsin B, H, L, and X),
aspartic (cathepsin D and E), and serine (cathepsin G) peptidases (Sentandreu, Coulis, &
Ouali, 2002). Although ubiquitously expressed, cathepsins are highly expressed in the
kidneys, spleen, and liver but are relatively low in skeletal muscle (Bechet, Tassa,
Taillandier, Combaret, & Attaix, 2005). Cathepsins function optimally under acidic
conditions, and as such, proteolysis by cathepsins predominantly occurs in the lysosome
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where the pH is low and where they are localized (Bond & Butler, 1987; Goll, Neti, Mares,
& Thompson, 2008).
Early studies on the involvement of cathepsins in protein turnover led some to
believe that these proteases may potentially participate in postmortem tenderization of meat
(Sentandreu et al., 2002). For example, muscle samples exposed to exogenous cathepsins
(B, D, or L), mimicking possible release of cathepsin from the lysozyme, experienced
degradation of myofibrillar protein, including actin and myosin (Mikami, Whiting, Taylor,
Maciewicz, & Etherington, 1987). However, the role of cathepsins is still debated; while
cathepsins may function on myofibrillar proteins in vitro, postmortem conditions are
suboptimal for their activity. Cathepsins are confined within the lysosome, which prevents
direct contact with their substrate (Kemp et al., 2010; O'Halloran et al., 1997; Whipple et
al., 1990). Additionally, the ultimate pH of meat is ~ 5.6, allowing for only minimal activity
for some members of the cathepsin family, such as cathepsins B, H, and L, whose optima
pH is ~ 6.0 and little to no activity for cathepsins D and E whose pH optimum is ~ 3.5 –
4.0 (Sentandreu et al., 2002). Koohmaraie, Whipple, Kretchmar, Crouse, and Mersmann
(1991) indicated limited degradation of actin and myosin during postmortem aging, these
being primary substrates for cathepsins. This was further substantiated by Bandman and
Zdanis (1988), who failed to detect any myosin degradation in 21 day aged meat.
Moreover, inhibition of cathepsins had no effect on the extent of postmortem proteolysis,
suggesting that other proteolytic systems are involved (Hopkins & Thompson, 2001).

2.4. Methods for evaluating meat tenderness
Tenderness is an important eating quality trait that is evaluated through a sensory
assessment that utilizes both general consumers and trained panelists. In addition, meat
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tenderness can be evaluated instrumentally (objectively) by mechanical methods, including
Warner-Bratzler shear force (WBSF) and Texture Profile Analysis (TPA). WBSF
measures the amount of force required to shear a cooked meat sample, whereas TPA
measures the force needed to compress a sample to a particular height that is experimentally
set. In both cases, a greater amount of force required to shear or compress the sample is
generally associated with a less tender product (Warner et al., 2021). Yet, interpretation of
the results gathered from instrumental analysis should be made sparingly, as an association
between shear or compression values and perceived tenderness can vary due to differences
in muscle type, cooking temperatures, and instruments used (Warner et al., 2021). Hence,
a more accurate representation of product tenderness is observed when instrumental
analyses and sensory evaluations are performed in conjunction (Belk et al., 2015).
Instrumental and sensory analyses allow meat researchers to associate greater eating
quality attributes and consumers' satisfaction when referring to meat tenderness (Sasaki et
al., 2010).

2.5. Muscle fiber type
Skeletal muscle is a heterogeneous collection of fibers that differ in their dominant
energy metabolism and contraction speed (Lee, Joo, & Ryu, 2010). In beef, four different
fiber types are distinguished within skeletal muscle, namely slow-oxidative (Type I), fast
oxidative-glycolytic (Type IIA), and fast glycolytic (Type IIX and B). The rate at which
ATP is hydrolyzed by the myosin heavy chain (MHC) isoform expressed in a muscle cell
determines its contraction speed. Thus, MHC is often used as a marker for the purpose of
muscle fiber profiling (Pette & Staron, 2000). Brooke and Kaiser (1970) categorized type
I fibers as possessing slow ATPase activity, while type II fibers are faster at hydrolyzing
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ATP during muscle contraction. Thus, the difference in ATP hydrolysis rate corresponds
to the MHC isoforms, in which fiber type I, IIA, and IIB/X coincides with MHC I, IIa, and
IIb/x, respectively (Scott, Stevens, & Binder–Macleod, 2001). On the other hand,
comparative measurements of the content and activity of enzymes involved in energy
metabolism have been utilized to distinguish the metabolic profile of muscle fibers (Pette
& Staron, 1990). Nemeth and Pette (1981) reported greater activity of the mitochondrial
enzyme succinate dehydrogenase in type I fibers than type II. The differences in glycolytic
enzymes lactate dehydrogenase and adenylate kinase activity have also been used to
distinguish between slow and faster muscle fibers, with generally greater contents in type
II fibers (Pette & Staron, 1990). Because of their morphological and biochemical
differences, muscle fibers may experience varying postmortem changes, which ultimately
determine the quality of the resulting meat (Ryu & Kim, 2005).
Variation of muscle fiber type within a species can come from genetic selection
(Larzul et al., 1999), gender (Ozawa et al., 2000), breed (Ryu et al., 2008), age (ČandekPotokar, Žlender, Lefaucheur, & Bonneau, 1998), and physical activity (Jurie, Picard, &
Geay, 1999). Besides having different metabolic profiles, fiber types are also associated
with differences in connective tissue and intramuscular fat content and rate and extent of
postmortem proteolysis. This is important to consider when evaluating the association
between muscle fiber type and tenderness, as the aforementioned factors are also major
determinants of tenderness and thus, can be confounded with the effects of fiber type on
tenderness (Lee et al., 2010; Maltin, Balcerzak, Tilley, & Delday, 2003). Totland, Kryvi,
and Slinde (1988) evaluated tenderness of bovine M. semitendinosus, which is a muscle
that is known to have a varying fiber type composition with mostly type II fibers at the
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superficial portion of muscle while having largely type I fibers deeper in the muscle. The
study showed that the darker colored portion of the muscle, consisting of mostly type I
fibers, had relatively increased connective tissue than their lighter colored counterparts and
was negatively correlated with tenderness (Totland et al., 1988). Similarly, Sazili et al.
(2005) found a positive correlation between calpastatin activity and the percentage of type
I fibers in several muscles, which suggests limited proteolysis by calpain-1 in type I fibers.
In addition, several researchers have reported greater final tenderness in glycolytic muscles
in comparison to oxidative muscles during aging (Hwang, Kim, Jeong, Hur, & Joo, 2010;
Muroya, Nakajima, Oe, & Chikuni, 2006; Wright et al., 2018). Higher calpain to
calpastatin ratio was found in fast twitch fibers in comparison to slow oxidative muscles
(Ouali & Talmant, 1990), which could partially explain why glycolytic muscles tend to
have a faster rate of postmortem tenderization (Totland et al., 1988). Yet, conflicting data
have been reported regarding the relationship between muscle fiber composition and
tenderness (Wright et al., 2018; Zamora et al., 1996). Muscle composed of predominantly
oxidative fibers tends to deposit more intramuscular fat (Calkins, Dutson, Smith,
Carpenter, & Davis, 1981), which is positively correlated to tenderness. In addition,
tenderness generally increases with decreasing muscle fiber size (i.e., cross-sectional area)
(Chriki et al., 2012), and oxidative fibers are generally smaller than glycolytic fibers (Jurie
et al., 2007). The relationship between muscle fiber type and tenderness becomes more
complicated as the relative contributions of the aforementioned factors are also muscle
dependent (Raza et al., 2020). For instance, one of the most tender cuts of meat on a beef
carcass is obtained from the psoas major muscle (Carmack, Kastner, Dikeman, Schwenke,
& Zepeda, 1995), and yet this muscle is highly oxidative relative to other muscles such as
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the longissimus (Hunt & Hedrick, 1977). According to Koohmaraie and Geesink (2006),
sarcomere length is the major contributor to tenderness of psoas major, while postmortem
proteolysis is the major determinant of longissimus tenderness. Therefore, the relationship
between muscle fiber type and tenderness cannot be generalized to all muscles in the beef
carcass. Rather, muscle fiber type may help to explain differences in the tenderness of the
same muscle across different beef carcasses.

2.6. Mitochondria
Mitochondria are known as the “powerhouse” of the cell because under aerobic
conditions they produce the majority of the energy currency, ATP, needed for cellular
function. Structurally, the mitochondrion consists of two membranes, which create four
distinct compartments: the outer membrane, the intermembrane space, the inner
membrane, and the matrix. The inner membrane is folded into cristae and houses the
electron transport chain complexes and ATP-synthase, both of which are essential for ATP
production through oxidative phosphorylation (Scheffler, 2011). Substrates such as
pyruvate and fatty acids are shuttled into the mitochondrial matrix and converted to acetylCoA. Acetyl-CoA is then oxidized through the tricarboxylic acid (TCA) cycle to produce
high-energy reducing equivalents, NADH and FADH2. Electrons from NADH and
FADH2 molecules are subsequently transported through the electron transport chain (ETC)
to drive ATP synthesis by ATP synthase. Oxygen serves as the terminal electron acceptor
in the ETC, and in its absence, aerobic ATP production is halted (Tielens, Rotte, van
Hellemond, & Martin, 2002). For this reason, mitochondria are often considered irrelevant
to the process of converting muscle to meat, as deprivation of oxygen occurs after
exsanguination. However, recent studies have shown that mitochondria extend pH decline
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in an in vitro model simulating postmortem conditions (Matarneh, Beline, e Silva, Shi, &
Gerrard, 2018; Matarneh, England, Scheffler, Yen, et al., 2017; Matarneh, Yen, et al.,
2018). This is achieved through enhancing glycolytic flux by increasing the rate of ATP
hydrolysis by mitochondrial ATPase. Furthermore, mitochondria have been demonstrated
to influence meat color and shelf-stability (Mancini & Ramanathan, 2014; Ramanathan,
Kiyimba, Gonzalez, Mafi, & DeSilva, 2020; Ramanathan & Mancini, 2018). In general,
muscles with greater mitochondrial content are more susceptible to oxidative stress and
discoloration (color labile), whereas glycolytic muscles possess greater color stability
(Ramanathan, Kiyimba, et al., 2020). In conjunction, mitochondria can compete with
myoglobin for oxygen, thereby inhibiting meat blooming (Faustman & Cassens, 1990). As
our understanding of mitochondria functionality in postmortem muscle continues to
advance, other potential pathways may soon be understood to have influence over other
meat quality characteristics.
Tenderness is driven by the breakdown of key myofibrillar proteins in the muscle
through the action of endogenous proteolytic enzymes. As previously mentioned, one of
the main proteolytic systems that is involved in the tenderization of meat is the calciumdependent calpain system. The calpain system, specifically calpain-1, relies on micromolar
concentration of calcium in order to be activated in postmortem muscle. Indeed, calcium
is readily available for calpain-1 activation during the postmortem period, as the depletion
of ATP is coupled with the inability of the SR to regulate and uptake calcium (Ji &
Takahashi, 2006). However, as part of the calcium buffering system in muscle,
mitochondria can uptake large amounts of calcium to maintain a constant intracellular
calcium concentration, which can range between nanomolar to millimolar concentration
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depending on various cellular functions (Vakifahmetoglu-Norberg, Ouchida, & Norberg,
2017). Mitochondria rely on mitochondrial calcium uniporter (MCU), which is a highly
selective ion channel located on the inner membrane of the mitochondria (Kirichok,
Krapivinsky, & Clapham, 2004), for entry of calcium into the matrix. The uniporter utilizes
an electrochemical gradient generated by the inner membrane potential (-150 to -220 mV)
(Clapham, 2007), rather than the coupling to ATP hydrolysis or transport of other ions, for
the uptake of calcium (Gunter & Gunter, 1994). Although electrochemically driven, the
affinity of MCU for calcium is low (De Stefani, Rizzuto, & Pozzan, 2016). Thus, to
compensate for the low affinity, localized sites with high calcium concentration are needed
to initiate calcium uptake by the mitochondria (Paupe & Prudent, 2018). Tethering proteins
such as mitofusin 2 facilitate calcium uptake by stabilizing “microdomains” between the
mitochondria and SR, forming the mitochondria-SR contact sites (De Brito & Scorrano,
2008). Calcium concentrations within these sites can reach higher levels than those in the
cytosol, thus ensuring strong uptake by the MCU (Contreras, Drago, Zampese, & Pozzan,
2010). With recent studies already suggesting that mitochondria may have a role in
influencing meat quality (Matarneh, Beline, et al., 2018; Matarneh, Yen, Bodmer, El-Kadi,
& Gerrard, 2020; Ramanathan, Kiyimba, et al., 2020), this calcium sequestering ability of
the mitochondria leads us to hypothesize that these organelles may be capable of
modulating calpain-1 activity during postmortem aging of meat.
Yet, as a consequence of their ability to uptake large amounts of calcium, calcium
overload by the mitochondria promotes the production of reactive oxygen species (ROS)
(Clapham, 2007), which together triggers the opening of the mitochondrial permeability
transition pores. This event leads to the loss of mitochondrial membrane potential, swelling
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of the mitochondria, and eventually rupture of the outer membrane, allowing for proteins
located in the mitochondrial inter membrane space, such as cytochrome c, to be released
into the cytosol (Matarneh, Silva, & Gerrard, 2021). In the cytosol, cytochrome c can
trigger the activation of the caspase system to initiate apoptosis (Bano & Ankarcrona,
2018). The triggering of the mitochondrial apoptotic pathway has been shown to improve
meat tenderness during postmortem aging through a caspase-dependent mechanism
(Huang et al., 2016; Kemp & Parr, 2012). Collectively, mitochondria contribution to meat
tenderness may be viewed as a two-part mechanism, initially limiting proteolysis by
sequestering the necessary calcium for calpain activation and later enhancing tenderization
by activating the apoptotic caspase system.

2.7. Proteomic investigation of beef tenderness
Due to all the variables that can influence tenderness, it has become increasingly
clear to meat researchers that tenderness is a quality trait that is not easily predicted.
Historically, evaluation of tenderness has been mainly done using sensory and mechanical
methodologies and is often coupled with biochemical measurements, which in totality can
only elucidate a narrow range of the systemic changes that occur during the conversion
from muscle to meat. Therefore, there is a need for methods to evaluate the mechanisms
involved in dictating tenderness on a larger scale.
Omics approaches have been utilized in the field of meat science to examine
changes in postmortem muscle and their relationship to the physicochemical and sensory
properties of the resulting meat (Ramanathan, Nair, et al., 2020). Proteomic profiling, in
particular, has been widely exploited to gain deeper insights into the biochemical events
controlling meat tenderness through providing information about protein relative
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abundance, modification (i.e., oxidation, degradation, and denaturation), localization, and
interaction (Schilling et al., 2017). Further, proteomic studies based on comparisons
between tender and tough beef have revealed several potential protein biomarkers related
to tenderness (Bjarnadottir et al., 2012; Carvalho et al., 2014; D'Alessandro et al., 2012;
Laville et al., 2009). These proteins were found to be involved in different biological
processes, including calcium homeostasis, oxidative stress, apoptosis, proteolysis, energy
metabolism, and structural integrity. Results from these studies have shown promising
potential of proteomics to improve our understanding of those factors controlling meat
tenderness.
Two-dimensional electrophoresis (2DE) and chromatography separation of
proteins coupled with mass spectroscopy for identification is one of the most widely used
proteomic techniques. 2DE proteomic allows for the analysis of 500-2000 individual
proteins from a variety of samples (Bendixen, 2005). Unlike one-dimensional
electrophoresis (1DE), which separates proteins by molecular mass, in 2DE, proteins are
separated based on molecular mass and isoelectric point. The resulting gel contains spot
patterns where each spot represents an individual protein or co-migrated proteins of like
mass and charge (Meleady, 2018). The intensity of each spot is correlated with the
abundance of that specific protein.
Although a gel-based proteomic approach has been utilized to understand and
evaluate changes in postmortem muscle for several decades, there are drawbacks from this
methodology as sample handling and preparation for analysis is time-consuming and laborintensive, which lowers the reproducibility between gels (Hou et al., 2020; Zhou, Ding, &
Wang, 2012). Recently, a gel-free approach in which isotope-coded affinity or isobaric tags
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has gained popularity in the area of proteomic analysis and has been used in meat research
to investigate factors affecting meat quality in bovine (Lei et al., 2020; Zhai et al., 2020),
porcine (Hou et al., 2020; Zequan et al., 2021), and ovine (Li et al., 2018; O’Brien et al.,
2018). Tandem mass tag (TMT) and Isobaric Tag for Relative and Absolute Quantitation
(iTRAQ) labeling are two chemical labeling techniques that require tandem mass spectra
(MS/MS) analysis in order to quantify and identify proteins within postmortem muscle
(Ramanathan, Nair, et al., 2020). Another advantage of using chemical labeling is that it
enables multiplex quantification, allowing up to 16 different samples to be quantified
together while still maintaining accuracy and precision (Ramanathan, Nair, et al., 2020),
whereas traditional gel-based proteomics generally only allows for 1 sample to analyzed at
a time. The results obtained from the proteomic analysis are typically expressed in terms
of the relative abundance of a particular protein.

2.8. Power ultrasound in meat processing
The demand for high-quality meat products by consumers has been consistently
increasing over the years (Munekata, 2021). However, controlling meat quality is a
challenging task for the industry, as there are various intrinsic and extrinsic factors that can
influence end-product quality. Hence, over the recent years, the meat industry has explored
several novel technologies to assist in improving the consistent production of high-quality
meats (Bekhit, 2017). At the same time, another aim for the industry is to apply
technologies that are minimally invasive to the meat in order to meet consumers' demand
for mildly processed food items (Majid, Nayik, & Nanda, 2015). Among these technologies
that exist, ultrasonication has proven to be a viable option for the meat industry, as it has
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been shown to have the potential to improve tenderness in meat (Alarcon-Rojo, Janacua,
Rodriguez, Paniwnyk, & Mason, 2015).
Ultrasound is defined as sound waves with frequencies at or above 20 kHz, which
cannot be detected by the human ears. When utilized in a liquid medium, a series of
compressing and expanding waves are generated, which results in the formation of small
cavitating bubbles (acoustic cavitation). These bubbles continue to enlarge with subsequent
ultrasound cycles and eventually implode, creating tremendous heat and pressure (shock
waves) at localized points (Suslick & Flannigan, 2008). Hence, when these shock waves
travel through a biological material that is submerged, localized damage occurs.
Ultrasonic technologies are categorized into two groups: high frequency/low
intensity or low frequency/high intensity. The former uses a frequency range of 2-20 MHz
with an intensity of 0.1-1 W/cm2 suitable for non-destructive analysis (Mulet, Benedito,
Golás, & Cárcel, 2002). Ultrasound at low frequency (20–100 kHz) and high intensity (>
10 W/cm2), also known as power ultrasound, is capable of disrupting meat on both a macro
and micro scale (Alarcon-Rojo, Carrillo-Lopez, Reyes-Villagrana, Huerta-Jiménez, &
Garcia-Galicia, 2019). Emerging research has shown promise in using ultrasound to
improve the quality of fresh and processed meat (Herceg et al., 2013; Jayasooriya, Torley,
D’arcy, & Bhandari, 2007; Stadnik, Dolatowski, & Baranowska, 2008). For instance,
ultrasonication was observed to enhance fragmentation of the skeletal muscle Z-line
(Stadnik et al., 2008) as well as disrupt cellular organelles, such as the sarcoplasmic
reticulum and mitochondria (Alliger, 1975; Lyng, Allen, & McKenna, 1997). In fresh meat
products, such an effect is generally considered favorable because it has the potential to
improve product tenderness. Beef steaks subjected to power ultrasonication showed an
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enhancement in tenderness without impairing meat color or water holding capacity (PeñaGonzalez, Alarcon-Rojo, Garcia-Galicia, Carrillo-Lopez, & Huerta-Jimenez, 2019).
Similarly, Chang, Wang, Tang, and Zhou (2015) reported enhanced collagen solubility and
textural properties of beef semitendinosus muscle following power ultrasound treatment.
Wang et al. (2018) proposed that power ultrasonication enhances meat tenderness by
physically disrupting the myofibrillar structure and stimulating postmortem proteolysis.
However, to the best of our knowledge, no existing studies from the literature have
evaluated the effects of ultrasonication on mitochondria integrity. This is particularly
interesting, as mitochondria can store a relatively large amount of calcium. Hence, the
disruption of the mitochondria through ultrasonication may induce early activation of the
calpain system by releasing the stored calcium.

2.9. Overall hypothesis and objectives
Although an accumulation of research has been dedicated to understanding the
mechanisms that control postmortem proteolysis, variation in meat tenderness still exists,
suggesting the existence of unexplored mechanisms. An area of research that requires
further investigation is the role mitochondria play in postmortem proteolysis and meat
tenderness. This gap in knowledge stems from the fact that mitochondria have been
frequently ignored for their role during the postmortem period. Hence, the overall
hypothesis of this research project is that that variation in beef tenderness may be more
thoroughly explained and predicted by mitochondria content and functionality within
postmortem muscle. The research project is comprised of four main objectives that aim to
address this hypothesis. These objectives are listed as follow: 1) Determine mitochondrial
role in postmortem calcium homeostasis and its effect on proteolysis, 2) Examine
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differences in muscle fiber type composition between beef steaks varying in tenderness, 3)
Examine differences in proteomic profile between muscle with different mitochondria
abundance and their relationship with tenderness, 4) Identify the contribution of
mitochondria to postmortem apoptosis and its significance to meat tenderness.
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CHAPTER III
INHIBITION OF MITOCHONDRIAL CALCIUM UNIPORTER ENHANCES
POSTMORTEM PROTEOLYSIS AND TENDERNESS IN BEEF CATTLE

*Reprinted with permission from Meat Science. Dang, D. S., Buhler, J. F., Davis, H. T.,
Thornton, K. J., Scheffler, T. L., & Matarneh, S. K. (2020). Inhibition of mitochondrial
calcium uniporter enhances postmortem proteolysis and tenderness in beef cattle. Meat
science, 162, 108039.

Abstract
The purpose of this study was to examine the role of mitochondria in postmortem calcium
homeostasis and its effect on proteolysis and tenderness. We hypothesized that
mitochondria buffer cytosolic calcium levels and delay the activation of calpain-1 and
subsequently the development of meat tenderness. To test this hypothesis, pre-rigor bovine
longissimus thoracis et lumborum muscle samples were injected with DS16570511 to
inhibit mitochondrial calcium uptake. Free calcium, tenderness, texture profile analysis
(TPA), calpain-1 activity, and proteolysis were evaluated over a 336 h aging period.
Inhibition of mitochondrial calcium uptake increased (P < .0001) cytosolic calcium
concentration and calpain-1 autolysis and activity at 24 h compared to control steaks.
Further, tenderness and TPA at 168 and 336 h, calpastatin degradation at 24 h, and
proteolysis at 168 h were all enhanced (P < .05) in the treated steaks. Collectively, these
data indicate that inhibition of mitochondrial calcium uptake can enhance postmortem
proteolysis and tenderization through an early activation of calpain-1.
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3.1. Introduction
Among all eating quality attributes, tenderness is often described as the most
important factor dictating the overall acceptance of cooked beef, as well as future decision
to repeat purchase (Miller, Carr, Ramsey, Crockett, & Hoover, 2001; Van Wezemael, De
Smet, Ueland, & Verbeke, 2014). While many intrinsic and extrinsic factors impact endproduct tenderness, variation in tenderness is usually attributed to the extent of postmortem
proteolysis occurring during meat aging (Geesink, Kuchay, Chishti, & Koohmaraie, 2006;
Kemp, Sensky, Bardsley, Buttery, & Parr, 2010). The process involves enzymatic
degradation of key structural proteins, thereby contributing to weakening of the
myofibrillar structure of meat and ultimately resulting in tenderization. Several proteolytic
enzyme systems, such as calpains, cathepsins, and caspases, are known to play a role in
postmortem proteolysis (Kemp et al., 2010). However, the calpain system is generally
considered the main contributor to the development of meat tenderness (Koohmaraie &
Geesink, 2006; Pomponio et al., 2008).
The calpain family is comprised of 14 members that are either ubiquitous or tissue
specific (Huang & Zhu, 2016). In skeletal muscle, three distinct calpain isoforms are
mainly expressed: calpain-1 (µ-calpain), calpain-2 (m-calpain), and calpain-3 (p94) (Kemp
et al., 2010). The “μ” and “m” prefixes of the two former calpains reflect the concentration
of calcium required for their activation (micro- vs. millimolar concentration, respectively).
There is no evidence for a role for calpain-3 in postmortem proteolysis (Geesink, Taylor,
& Koohmaraie, 2005), and calpain-2 does not appear to significantly contribute to
postmortem tenderization (Koohmaraie, Seidemann, Schollmeyer, Dutson, & Crouse,
1987). Therefore, caplain-1 is generally considered the primary calpain responsible for
postmortem proteolysis (de Oliveira, Delgado, Steadham, Huff-Lonergan, & Lonergan,
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2019; Koohmaraie & Geesink, 2006). Calpain-1 is localized to multiple locations within
the sarcomere of skeletal muscle, predominantly in the Z-line, as a heterodimer of a large
(80 kDa) catalytic subunit and a small (28 kDa) regulatory subunit (Kumamoto et al.,
1992). In the presence of calcium, the protease undergoes autolysis which causes
conformational changes that will trigger its activation, allowing it to target several proteins
in the muscle, including titin, plectin, desmin, nebulin, vinculin, filamin, and troponin-T
(Huff-Lonergan et al., 1996; Koohmaraie & Geesink, 2006; Tian et al., 2019; Wright et al.,
2018).
In aerobic metabolism, oxygen serves as a terminal electron acceptor in
the mitochondrial electron transport chain. Because oxygen delivery to the muscle is no
longer available following animal exsanguination, mitochondria are often considered
irrelevant to the process of converting muscle to meat. Yet, the role of mitochondria is not
limited to energy production as these organelles are involved in diverse cellular processes
such as oxidative stress, apoptosis, and calcium homeostasis (Celsi et al., 2009; Wang,
Han, Ma, Yu, & Zhao, 2017). As a part of the calcium buffering system, mitochondria
sequester large amounts of calcium to maintain a constant cytosolic calcium level
(Baughman et al., 2011). Rizzuto, Brini, Murgia, & Pozzan (1993) revealed that
mitochondrial calcium concentration greatly exceeds those values normally found in the
cytosol. Once released from the sarcoplasmic reticulum, calcium is quickly imported across
the outer mitochondrial membrane through voltage-dependent anion channels, while a
calcium uniporter is the primary passage for calcium across the inner membrane (Giorgi et
al., 2012). Therefore, the aim of this research was to investigate the role of mitochondria
in postmortem calcium homeostasis and its effect on proteolysis and tenderness
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development in beef cattle. Given the importance of calcium for calpain-1 activity, we
hypothesized that mitochondria may delay the activation of calpain-1 by preventing the
increase in cytosolic calcium concentration. This notion is supported by the recent report
of Wright et al. (2018), which shows that mitochondrial content of beef longissimus
lumborum muscle is negatively correlated with tenderness. To test our hypothesis, we
injected pre-rigor bovine longissimus thoracis et lumborum (LTL) muscle with
DS16570511, a cell-permeable inhibitor of the mitochondrial calcium uniporter (Kon et
al., 2017). We anticipated that if calcium uptake by mitochondria delays the activation of
calpain-1 in postmortem muscle, then injecting DS16570511 would reverse the observed
effect.

3.2. Materials and methods
3.2.1. Muscle sampling and treatment
All cattle used in this study were raised under the same feeding and management
conditions at the Utah State University South Farm. Eight steers (28 ± 1 months old, 615
± 18 kg body weight) of similar genetic background were harvested at the Utah State
University harvest facility using standard commercial procedures and in accordance with
Utah State inspection. Within 20 min of exsanguination, the LTL muscle was excised from
one side of the carcass and immediately fabricated into twelve 2.5-cm steaks (Fig. 3-1).
Steak numbers 1, 3, 5, 7, 9, and 11 were injected with 100 µmol/g DS16570511 (treatment)
dissolved in saline solution (0.9% NaCl), while steak numbers 2, 4, 6, 8, 10, and 12 were
injected with saline only (control). Steak numbers 1 to 4 were used immediately (0 h aging)
while steak numbers 5 to 8 and 9 to 12 were vacuum packaged and aged at 4 °C for 7 d
(168 h) or 14 d (336 h), respectively. Following each aging period, one steak from each
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treatment was used for Warner-Bratzler shear force (WBSF) and texture profile analysis
(TPA) determination and the other one was immediately snap frozen in liquid nitrogen and
stored at −80 °C for further analysis. Steaks designated for freezing at 168 h of aging (steak
numbers 7 and 8) were opened 24 h postmortem and subsamples were collected
(subsequently referred to as 24 h samples) and frozen in the same manner. The study was
conducted over a period of four days, using two different steers each day.
3.2.2. Warner-Bratzler shear force determination
Beef tenderness was evaluated using WBSF attachment (V-notch blade) connected
to a TMS-Pro Texture Analyzer (Food Technology Co., Sterling, VA, USA) in accordance
with the American Meat Science Association Sensory Guidelines (Belk et al., 2015).
Briefly, 0, 168, and 336 h steaks were cooked to an internal temperature of 71 °C on a
clamshell grill, equilibrated to room temperature, and stored overnight at 4 °C. The next
day, steaks were allowed to equilibrate to room temperature prior to coring. Six cylindrical
cores (1.27-cm in diameter) were removed parallel to the muscle fiber from each steak and
sheared perpendicular to the longitudinal orientation of the muscle fibers. Shear force was
determined as the average of the maximum force (Newton (N)) of the six cores from each
steak.
3.2.4. Texture profile analysis
The same cooked steaks and texture analyzer used for WBSF evaluation (section
2.2) were also used for TPA. A 75-mm diameter stainless steel plate attachment (Food
Technology Co., Sterling, VA, USA) was used for all TPA measurements. Briefly, ~ 2-cm
thick cube was sampled from each steak and placed under the probe that moved downwards
at a constant speed of 200 mm/min. The probe continued downwards until the sample was
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compressed 50% of its original height. Following, the probe returned to its original zeroed
position before the start of the second compression cycle. Kilogram of force (Kg*f) was
recorded per mm until both compression cycles were finished. Calculations for hardness,
cohesiveness, springiness, gumminess, and chewiness were based on research previously
described in Bourne (2002).
3.2.3. Free calcium determination
Free calcium concentration was measured using the method described by Hopkins
& Thompson (2001) and modified by Hwang, Park, Cho, & Lee (2004). In brief, ~ 4 g of
the frozen 0, 24, 168, and 336 h muscle samples were removed from the −80 °C freezer 2
weeks prior to measurement and placed in a −20 °C freezer. On the day of measurement,
muscle samples were held on ice for 10 min, finely diced, and centrifuged at 40,000 × g
for 30 min at 4 °C. The resulting supernatants were removed and 1 ml aliquots were mixed
with 20 μl of 4 M KCl, followed by incubation at 20 °C in a dry heating block. The calcium
concentration was measured using an Orion calcium selective electrode coupled to an
Orion Star A214 pH/ISE benchtop meter (Thermo Scientific, Pittsburgh, PA, USA).
Measured values were converted to μM using a set of standards ranging from 0.1–10 ppm
calcium.
3.2.5. Muscle pH
Frozen muscle samples were powdered under liquid nitrogen and then
homogenized at 1:8 (wt/vol) in ice-cold buffer (5 mM Na-iodoacetate and 150 mM KCl,
pH 7.0) using a bead-beating homogenizer (TissueLyser LT, Qiagen, Hilden, Germany)
(Bendall, 1973). Samples were centrifuged at 17,000 × g for 5 min at room temperature,
equilibrated to 25 °C and measured directly using an Orion Ross Ultra pH electrode
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attached to an Orion pH meter (Thermo Scientific, Pittsburgh, PA, USA).
3.2.6. Calpain-1 activity
Calpain-1 activity was measured using previously described methods (Farouk et
al., 2007; Pulford et al., 2009) with some modifications. Powdered muscle samples were
homogenized at 1:4 (wt/vol) in a 50 mM Tris-MES buffer (pH 7.4) containing 1 mM 2mercaptoethanol, 10 mM EDTA, and 0.1 mM PMSF using a bead-beating homogenizer.
Tissue homogenates were then centrifuged at 6,000 × g for 10 min at 4 °C and 30 µl aliquots
of the resulting supernatants were transferred in triplicate to 96-well opaque fluorescent
plates. To each well, 110 µl of a 50 mM Tris-MES buffer (pH 7.4) containing 1 mM 2mercaptoethanol, 100 mM KCl, and 1 µM fluorescent substrate specific for calpain-1
(208748, Millipore Sigma, St. Louis, MO, USA) was added. Fluorescence measurements
were collected at 2 min intervals for 1 h at 485 nm for excitation and 520 nm for emission
using a fluorescence spectrophotometer (Synergy H1, BioTek, Winooski, VT, USA).
Results were expressed as increased fluorescence per min per mg of tissue.
3.2.7. Myofibrillar Fragmentation Index
Myofibrillar fragmentation index (MFI) was determined according to the
procedures of Culler, Parrish, Smith, & Cross (1978) with some modifications. Frozen
muscle samples (~ 2 g) were homogenized in 30 ml ice-cold homogenization buffer
containing 75 mM KCl, 10 mM imidazole (pH 7.2), 2 mM MgCl2, 2 mM EGTA, 1 mM
Na-azide, and 0.1 mM PMSF using Polytron homogenizer (Polytron PT 2500 E,
Kinematica AG, Switzerland). Homogenates were centrifuged at 1,000 × g for 10 min at 4
°C, and resulting pellets were suspended in 20 ml of homogenization buffer before filtering
through cheesecloth. Suspensions were then homogenized with a Potter-Elvehjem type
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homogenizer system (Glas-Col, Terre Haute, IN, USA) before a second centrifugation
(1,000 × g for 10 min at 4 °C). Myofibrillar pellets were re-suspended, re-homogenized,
and re-centrifuged two more times. Final myofibril pellets were thoroughly suspended in
10 ml of homogenization buffer. For myofibrillar protein determination, myofibrillar
samples were mixed with solubilization buffer containing 8 M urea, 2 M thiourea, 3% SDS
(wt/vol), 75 mM dithiothreitol, and 50 mM Tris-HCl at 1:1 ratio and heated at 90 °C for 10
min (Warren, Krzesinski, & Greaser, 2003). Protein concentration of the solubilized
samples was determined using the RC DC protein assay kit according to manufacturer's
directions (BioRad Laboratories, Hercules, CA, USA). Protein concentration of the
suspensions was adjusted to 0.5 mg/ml before the absorbance was measured
spectrophotometrically at 540 nm. MFI values were calculated as absorbance readings
multiplied by 200.
3.2.8. SDS-PAGE and immunoblotting
Muscle samples were homogenized at 100 mg/ml in a solubilization buffer (8 M
urea, 2 M thiourea, 3% SDS (wt/vol), 75 mM dithiothreitol, 50 mM Tris-HCl, pH 6.8)
(Warren et al., 2003) using a bead-beating homogenizer. Tissue homogenates were
centrifuged at 10,000 × g for 10 min, and resulting supernatants were transferred to new
tubes. After the determination of protein concentration using the RC DC protein assay kit,
samples were diluted with the same solubilization buffer supplemented with 0.05%
bromophenol to yield equal protein concentrations. Samples were heated to 95 °C for 5
min before being subjected to SDS-PAGE separation. A reference sample was included on
each gel to insure consistency across gels and blots. The reference sample consisted of six
0 h protein samples (3 per treatment) pooled in one tube. Separated proteins were
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transferred to nitrocellulose membranes and reversibly stained with Ponceau S to visualize
and quantify total protein in each lane using a UVP ChemStudio Imaging System and
software (Analytik Jena, Upland, CA, USA). Membranes were then blocked with 3%
casein in PBS for 1 h at room temperature, and immunoblotted overnight at 4 °C with
primary antibodies specific for calpain-1 (MA3-940, Thermo Scientific, Rockford, IL,
USA), calpastatin (MA3-944, Thermo Scientific, Rockford, IL, USA), desmin (D1033,
Millipore Sigma, St. Louis, MO, USA), and troponin-T (T6277, Millipore Sigma, St.
Louis, MO, USA). Bands were visualized with appropriate fluorescent secondary
antibodies (Biotium Inc., Fremont, CA, USA) and intensities were quantified using the
same imaging system and software.
The disappearance of the 80 kDa subunit of calpain-1 was quantified and
normalized to the intensity of total protein within the lane to ensure equal protein loading.
Obtained values were subsequently normalized to the reference sample within each blot
and expressed relative to the intensity of the 80 kDa subunit of the same sample at 0 h.
Calpastatin, desmin, and troponin-T degradation were calculated similarly, with 135, 55,
and 44 kDa considered the intact bands of calpastatin, desmin, and troponin-T,
respectively.
3.2.9. Statistical Analysis
Data were analyzed using the mixed model of JMP (SAS Institute Inc., Cary, NC,
USA) with steak as the experimental unit. The statistical models included the fixed effect
of treatment, time and their interaction and the random effect of animal. Differences
between means were evaluated using a Tukey-Kramer multiple comparison test, with P ≤
0.05 considered statistically significant. All data are expressed as least-squares means ±
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SE.

3.3. Results and discussion
In this study, we utilized DS16570511 to evaluate the possible contribution of
mitochondria in postmortem calcium homeostasis and meat tenderization. DS16570511 is
a novel membrane-permeable molecule that was found to inhibit mitochondrial calcium
uptake not only in isolated mitochondria but also in cells and whole muscle tissues (Kon
et al., 2017). Based on the previous work of Kon et al. (2017), a concentration of 100
µmole/g DS16570511 was chosen to achieve maximum inhibition of mitochondrial
calcium uniporter activity. It is important to point out that DS16570511 is not a food grade
compound, and, therefore, it was only used for experimental purposes. Because
mitochondria lose their membrane integrity as time progresses postmortem and thereby the
ability to accumulate calcium (Celsi et al., 2009; Tang et al., 2005), we chose to use prerigor muscle to ensure mitochondrial intactness. Finally, free calcium, pH, WBSF, TPA,
and different proteolysis parameters were evaluated to explore the relationship between
mitochondria and postmortem proteolysis.
3.3.1. Free calcium concentration
The depletion of ATP accompanied with pH decline in postmortem muscle impair
sarcoplasmic reticulum calcium uptake, resulting in a cytosolic calcium overload
(Dransfield, 1994). Because of their close proximity to the sarcoplasmic reticulum and the
ability to uptake, store, and release calcium, mitochondria are known to modulate cytosolic
calcium levels in skeletal muscle (Shkryl & Shirokova, 2006). The impact of the
DS16570511 treatment on free calcium concentration was dependent on time (treatment ×
time, P = 0.004, Fig. 3-2). At 24 h, treated steaks had approximately double (P < 0.0001)
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the amount of free calcium compared to control steaks. However, there were no differences
(P > 0.05) in calcium content between treatments at 168 and 336 h. This lack of difference
is not surprising, given that mitochondrial integrity is dramatically impaired during the
postmortem period, leading to rapid release of calcium (Celsi et al., 2009; Tang et al.,
2005). Similar results were previously reported by Hopkins & Thompson (2001), who
showed that free calcium concentration in LTL muscle reached a plateau at 48 h
postmortem. Regardless, these results affirm that our DS16570511 treatment accelerated
the increase in free calcium content in the LTL muscle postmortem.
3.3.2. Tenderness and TPA
A treatment effect (P = 0.013) and time effect (P = 0.0008) were detected for WBSF
of the LTL muscle (Fig. 3-3). Lower (P ≤ 0.01) WBSF values at 168 and 336 h postmortem
were observed in the DS16570511-injected steaks compared to their control counterparts.
In the control steaks, WBSF increased (P = 0.04) at 168 h and decreased (P = 0.02) again
at 336 h. However, the same trend was not observed for those steaks injected with
DS16570511, which showed no increase in WBSF at 168 h. TPA parameters of hardness,
springiness, gumminess, and chewiness were affected by DS16570511 injection (P ≤ 0.03,
Fig. 3-4A, C, D, and E, respectively). Cohesiveness, on the other hand, was neither affected
by the treatment nor by the aging time (Fig. 3-4B). Compared to control, DS16570511injected steaks had lower (P < 0.05) hardness, gumminess, and chewiness at 168 and 336
h and lower (P = 0.003) springiness only at 336 h. Hardness, springiness, gumminess, and
chewiness were lower (P < 0.05) at 336 h compared to 0 h in treated steaks, whereas all
TPA parameters were similar over time in the controls. In totality, these data show that
tenderness and textural properties of the LTL muscle were improved by the DS16570511
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treatment during the aging period.
It is well established that muscle tissue reaches its maximum toughness upon the
completion of rigor mortis (Locker, 1960), which typically occurs around 24 h postmortem
in bovine longissimus muscle (Sayre & Briskey, 1963). Hence, the lower WBSF values
observed with 0 h control steaks in comparison to 168 h control steaks is likely because the
0 h samples were collected long before the development of rigor. On the other hand, the
lack of the same effect in the treated steaks suggests an enhancement of proteolytic activity
during the first 168 h of aging compared to control steaks. Indeed, Koohmaraie & Geesink
(2006) concluded that postmortem proteolysis is the major determinant of tenderness in
longissimus muscle.
The average WBSF value at 168 h for the treated steaks was about 30% lower than
those of controls, a difference that was maintained at 336 h postmortem. This suggests that
the majority of treatment effect on tenderness occurred during the first 168 h of aging.
Further, our data indicate that tenderization was accelerated in the treated steaks, as control
steaks required 336 h to reach similar WBSF values to those of treated steaks at 168 h. It
is important to point out that WBSF and hardness values obtained from the control samples
at 336 h are higher than those previously reported (Colle et al., 2018; Conroy, O’ Sullivan,
Hamill, & Kerry, 2017; Lepper-Blilie, Berg, Buchanan, & Berg, 2016). This is likely
because the muscle samples used in this study were excised from the carcass early
postmortem, making them more susceptible to shortening due to the loss of skeletal
restraint and rapid temperature decline (Savell, Mueller, & Baird, 2005). In the contrary,
the DS16570511-injected steaks had an average WBSF value of 44 N which is considered
tender according to the USDA Tenderness Program (USDA, 2011).
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3.3.3. Calpain-1 activity and calpastatin content
The enhancement of meat tenderness and textural properties during aging has
traditionally been attributed to the proteolytic activity of the calcium-dependent protease,
calpain-1 (Conroy et al., 2017; Geesink et al., 2006; Huff-Lonergan et al., 1996). Previous
research shows that activation of calpain-1 in bovine longissimus muscle occurs around 6
h postmortem due to the increase in cytosolic calcium concentration to the level of 100 µM
(Dransfield, 1992). On the other hand, the injection of calcium solution into different prerigor bovine muscles was shown to improve tenderness during aging (Boleman, Boleman,
Bidner, McMillin, & Monlezun, 1995; Wheeler, Crouse, & Koohmaraie, 1992; Wheeler,
Koohmaraie, & Crouse, 1991). Combined, these previous findings strongly argue that
calcium is a limiting factor for early postmortem activation of calpain-1. Calpain-1 has
been found to lose activity during the postmortem period, likely due to the drop in muscle
pH and temperature (Camou, Marchello, Thompson, Mares, & Goll, 2007; Koohmaraie,
1992). Therefore, an early postmortem activation of calpain-1 provides more favorable
conditions for its activity.
To test if the improvement in tenderness and TPA parameters in the DS16570511injected steaks was through enhanced calpain-1 mediated proteolysis, calpain-1 autolysis
and activity and calpastatin content were evaluated. The degree of autolysis is often used
as an indication of calpain-1 activity (Cruzen, Paulino, Lonergan, & Huff-Lonergan, 2014;
Koohmaraie, 1992). In the presence of calcium, the 80 kDa subunit of calpain-1 is
gradually autolyzed to a proteolytically active 76 kDa product through a 78 kDa
intermediate (Zimmerman & Schlaepfer, 1991). Treatment differentially affected calpain1 autolysis over time (treatment × time, P < 0.0001, Fig. 3-5B). Greater (P < 0.0001)
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autolysis of calpain-1, as measured by the disappearance of the 80 kDa subunit, was
observed in the treated steaks at 24 h compared to controls. The intensity of the 80 kDa
subunit at 24 h was approximately 30 and 50% relative to 0 h for the treated and control
steaks, respectively. To confirm these findings, we directly measured calpain-1 activity
using fluorescent calpain-1 substrate. A significant treatment effect (P < 0.0001) and time
effect (P = 0.0002) were observed for the activity of calpain-1 (Fig. 3-5C). DS16570511injected steaks possessed about 60% more activity (P < 0.0001) than control steaks at 24
h. In the control steaks, no change (P > 0.05) in calpain-1 activity was observed across the
entire aging period. On the contrary, an increase (P = 0.003) in calpain-1 activity was
detected at 24 h in the treated steaks followed by a reduction (P < 0.0001) in activity at 168
h. Curiously, despite the significant autolysis of the 80 kDa subunit in the control steaks at
24 h, no increase in calpain-1 activity was detected at the same time point. An explanation
for such disparity could be that the 80 kDa subunit was not completely autolyzed to the 76
kDa active form, instead, the majority of autolysis was from 80 to 78 kDa. On the other
hand, the inability to detect an increase in calpain-1 activity in the same steaks across all
time points does not necessarily mean that an increase in calpain-1 activity did not occur.
Rather, an increase in activity might have occurred in these samples sometime between our
time points.
Data reported herein strongly argue that the enhancement in tenderness and textural
properties observed in the treated steaks was due to enhanced calpain-1 activity resulting
from elevated calcium levels. However, previous research demonstrates that increasing
cytosolic calcium concentrations through electric stimulation (Ferguson, Jiang,
Hearnshaw, Rymill, & Thompson, 2000; Hope-Jones, Strydom, Frylinck, & Webb, 2010)

58
or calcium chloride injection (Pringle, Harrelson, West, Williams, & Johnson, 1999;
Wheeler et al., 1992) showed either no improvement or a reduction in calpain-1 activity.
Although free calcium was not measured in the aforementioned studies, an activation of
calpain-2 was detected. Calpain-2 requires 400-800 µM of calcium for half maximum
activity (Goll, Thompson, Li, Wei, & Cong, 2003), a concentration that was not obtained
in the current study. While calcium is required for calpain-1 autolysis and activation, an
excessive increase in calcium promotes rapid autolysis and loss of activity (Goll et al.,
2003; Koohmaraie, 1992). Therefore, the inconsistency between our results and those
reported in previous studies is likely due to a lower free calcium concentration in the
current study.
In addition to regulation by calcium, μ-calpain activity is also regulated by complex
interactions with calpastatin, an endogenous inhibitor of calpain-1 (Kumamoto et al.,
1992). In the presence of calcium, calpastatin binds to the active site of calpain-1 and
inhibits its proteolytic activity. The concentration of calcium required for this binding is
significantly lower than that required for calpain-1 activation (Goll et al., 2003). However,
at higher calcium levels calpastatin is degraded by calpain-1 and other proteases in the
muscle, which reduces its inhibitory effect on calpain-1 (Doumit & Koohmaraie, 1999).
The content of intact calpastatin (135 kDa) was significantly affected by the interaction
between treatment and aging time (P = 0.003, Fig. 3-6B). Lower (P < 0.0001) intact
calpastatin content was detected at 24 h in the treated steaks compared to control steaks.
There were no differences (P > 0.05) in calpastatin content at 168 and 336 h between
treatments. These results are in agreement with previous reports where greater calpastatin
degradation was shown following calcium chloride injection. Similarly, Hwang &
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Thompson (2001) reported lower calpastatin activity in beef striploin steaks following
electrical stimulation.
3.3.4. Protein degradation and myofibrillar fragmentation index
The postmortem proteolytic degradation of myofibrillar proteins via calpain-1 leads
to disrupting the integrity of the myofibrillar structure, thereby contributing to tenderness
(Huff-Lonergan et al., 1996; Koohmaraie & Geesink, 2006). Postmortem degradation of
two calpain-1 targets, troponin-T and desmin, and MFI were evaluated in this study to
assess the extent of proteolysis. Troponin-T is one of three subunits that form the troponin
complex, a primary component of skeletal muscle thin filament. Desmin, on the other hand,
is the major protein in the intermediate filament that connects adjacent myofibrils through
their Z-lines and provides structural integrity to muscle fibers (Paulin & Li, 2004).
Degradation of troponin-T and desmin has long been used as an indicator for the extent of
postmortem proteolysis (Huff-Lonergan, Zhang, & Lonergan, 2010; Rowe, Maddock,
Lonergan, & Huff-Lonergan, 2004). Another important marker for meat tenderness is MFI,
which defines the susceptibility of myofibrils to fragmentation upon homogenization
(Koohmaraie et al., 1987; Olson, Parrish, & Stromer, 1976). In general, MFI increases
during postmortem aging due to protein degradation in the Z-line (Koohmaraie et al.,
1987). A significant treatment effect (P = 0.0005) and time effect (P < 0.0001) were
detected for troponin-T degradation (Fig. 3-7B). Greater (P = 0.002) troponin-T
degradation was observed in the treated steaks at 168 h postmortem compared to control
steaks. Desmin degradation and MFI paralleled the results of troponin-T; both were
significantly affected by treatment and aging time (P < 0.0001, Fig. 3-8B and 9,
respectively). At 168 h, DS16570511-injected steaks had greater (P ≤ 0.0004) desmin
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degradation and MFI compared to their control counterparts. Combined, these findings
show an enhanced postmortem proteolysis in the DS16570511-injected steaks, likely due
to the greater calpain-1 activity observed in those steaks (Fig. 3-5C).
3.3.5. Muscle pH
The pH of the LTL muscle was not affected (P > 0.05) by the treatment or the
interaction between treatment and aging time (Fig. 3-10). As expected, aging time
significantly influenced the decline in muscle pH (P < 0.0001), where the majority of
decline occurred in the first 24 h. The rate and extent of postmortem pH decline can
significantly influence the development of meat texture. This is clearly evidenced by the
abnormal textural properties associated with dark, firm, and dry (DFD) and pale, soft, and
exudative (PSE) meat defects, resulting from insufficient and hastened pH decline,
respectively. Further, pH can affect the rate of calpain-1 autolysis, activation, and
deactivation, and thereby the rate and extent of postmortem proteolysis and tenderization
(Geesink et al., 1992; Pomponio, Ertbjerg, Karlsson, Costa, & Lametsch, 2010). Our data
indicate that injection of DS16570511 did not influence the extent of pH decline in the
LTL muscle, as evidenced by the lack of treatment effect at all-time points. However, we
were unable to evaluate the rate of pH decline in this study, as no samples were collected
between 0 and 24 h. It is well known that calcium accelerates pH decline in postmortem
muscle through increasing the rate of ATP hydrolysis (Scopes, 1974). Given that calcium
was greater at 24 h in the DS16570511-injected steaks (Fig. 2), a faster pH decline in these
steaks could have occurred. Several studies have shown that rapid pH decline in
postmortem muscle is associated with faster reduction in calpain-1 activity (Hwang &
Thompson, 2001; Pomponio et al., 2010; Rhee, Ryu, & Kim, 2006). However, the same
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effect was not observed in this study, as we showed an increase in calpain-1 activity at 24
h in the treated steaks (Fig. 3-5C). Therefore, even if the treated steaks possessed faster pH
decline, the rate of pH decline did not seem to have a major impact on calpain-1 activity.

3.4. Conclusions
Findings presented in this study demonstrate that inhibition of mitochondrial
calcium uptake with DS16570511 accelerates the elevation of cytosolic calcium
concentration in bovine LTL muscle. Additionally, inhibition of mitochondrial calcium
uptake positively impacted calpain-1 autolysis and activity, calpastatin degradation,
tenderness and textural properties, and protein degradation. Collectively, these data suggest
that mitochondria can contribute to postmortem proteolysis and tenderization through
modulating cytosolic calcium levels and subsequently calpain-1 activity.
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Fig. 3-1. Schematic diagram of steak sampling layout; twelve 2.5-cm steaks were removed
starting at the anterior end of the LTL muscle. T = Treatment; C = Control; SF = Shear
force; TPA = Texture profile analysis; A= Analysis.

Fig. 3-2. Effect of DS16570511 treatment on free calcium levels of the LTL muscle at 0,
24, 168, and 336 h postmortem. Data are least-squares means ± SE. a-cMeans lacking a
common letter differ significantly (P ≤ 0.05).
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Fig. 3-3. Effect of DS16570511 treatment on Warner-Bratzler shear force (WBSF) values
(N) of the LTL muscle at 0, 168, and 336 h postmortem. Data are least-squares
means ± SE. a–cMeans lacking a common letter differ significantly (P ≤ 0.05).
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Fig. 3-4. Effect of DS16570511 treatment on texture profile analysis (TPA) of the LTL
muscle at 0, 168, and 336 h postmortem. Hardness (N; A), cohesiveness (B), springiness
(mm; C), gummines (N; D), and chewiness (N.mm; E). Data are least-squares
means ± SE. a–cMeans lacking a common letter differ significantly (P ≤ 0.05).
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Fig. 3-5. Representative western blot of calpain-1 autolysis (A), relative band intensity of
the 80 kDa subunit of calpain-1 (B), and calpain-1 activity (intensity/min/mg; C) of
control and DS16570511-injected steaks at 0, 24, 168, and 336 h postmortem. Data are
least-squares means ± SE. a–dMeans lacking a common letter differ significantly (P ≤
0.05).
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Fig. 3-6. Representative western blot of calpastatin degradation (A) and relative band
intensity of intact calpastatin (B) of control and DS16570511-injected steaks at 0, 24,
168, and 336 h postmortem. Data are least-squares means ± SE. a–dMeans lacking a
common letter differ significantly (P ≤ 0.05).
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Fig. 3-7. Representative western blot of troponin-T proteolysis (A) and relative band
intensity of intact troponin-T (B) of control and DS16570511-injected steaks at 0, 24,
168, and 336 h postmortem. Data are least-squares means ± SE. a–cMeans lacking a
common letter differ significantly (P ≤ 0.05).
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Fig. 3-8. Representative western blot of desmin proteolysis (A) and relative band
intensity of intact desmin (B) of control and DS16570511-injected steaks at 0, 24, 168,
and 336 h postmortem. Data are least-squares means ± SE. a–cMeans lacking a common
letter differ significantly (P ≤ 0.05).
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Fig. 3-9. Effect of DS16570511 treatment on myofibrillar fragmentation index
(MFI) values of the LTL muscle at 0, 24, 168, and 336 h postmortem. Data are leastsquares means ± SE. a,bMeans lacking a common letter differ significantly (P ≤ 0.05).
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Fig. 3-10. Effect of DS16570511 treatment on pH of the LTL muscle at 0, 24, 168, and
336 h postmortem. Data are least-squares means ± SE. a–cMeans lacking a common letter
differ significantly (P ≤ 0.05).
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CHAPTER IV
MYOSIN HEAVY CHAIN ISOFORM AND METABOLIC PROFILE DIFFER IN
BEEF STEAKS VARYING IN TENDERNESS
*Reprinted with permission from Meat Science. Dang, D. S., Buhler, J. F., Thornton,
K. J., Legako, J. F., & Matarneh, S. K. (2020). Myosin heavy chain isoform and metabolic
profile differ in beef steaks varying in tenderness. Meat Science, 170, 108266.

Abstract
Our objective was to investigate possible differences in muscle fiber characteristics of beef
longissimus lumborum (LL) steaks varying in tenderness (very tender vs. intermediate
tender). Therefore, the relative abundance of myosin heavy chain (MHC) isoforms and
activity/abundance of several glycolytic and oxidative enzymes were compared between
the two steak groups. Greater (P < 0.05) content of MHC type IIa (MHC-IIa) and activities
of phosphofructokinase (PFK) and glycogen phosphorylase (GP) were observed in the very
tender steaks. Conversely, intermediate tender steaks had greater (P < 0.05) contents of
MHC type I (MHC-I) and succinate dehydrogenase (SDH) and greater citrate synthase
(CS) activity. Increased tenderness in the very tender steaks was associated with greater (P
< 0.05) proteolysis as evaluated by desmin and troponin-T degradation. Further,
mitochondrial calcium uniporter (MCU) was lower (P < 0.05) in the very tender steaks
than steaks of intermediate tenderness. Collectively, shifting muscle characteristics toward
a more glycolytic type appears to positively impact postmortem proteolysis and
tenderization.
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4.1. Introduction
Skeletal muscle is a heterogeneous collection of individual muscle fibers that are
classified according to their dominant metabolism (oxidative or glycolytic) and velocity of
contraction (slow or fast). The latter is mainly determined by the isoform of myosin heavy
chain (MHC) expressed in each muscle fiber. To date, four major myofiber types have been
identified in adult mammalian skeletal muscles, namely type I, IIA, IIX, and IIB (Brooke
& Kaiser, 1970; Schiaffino et al., 1989). Type I myofibers express MHC-I and fiber types
IIA, IIX, and IIB express MHC-IIa, MHC-IIx, and MHC-IIb, respectively. Type I muscle
fibers are slow-twitch and rely primarily on oxidative metabolism to meet their energy
requirements. In contrast, type II are fast-twitch fibers, with IIX fibers exhibiting more
oxidative capacity than type IIB, but less than type IIA (Schiaffino et al., 1989).
Differences in fiber type composition allow skeletal muscle to perform a variety of
functional

demands,

ranging

from

endurance

to

high-intensity

contractions.

More importantly, fiber type composition largely dictates the biochemical properties of the
muscle during its conversion to meat, and ultimately, its quality as fresh meat (Klont,
Brocks, & Eikelenboom, 1998; Lee, Joo, & Ryu, 2010).
Tenderness is often considered the most important eating quality attribute affecting
consumer satisfaction of meat products, particularly in beef (Miller, Carr, Ramsey,
Crockett, & Hoover, 2001). Yet, tenderness has proven to be a very difficult quality
attribute to manage and predict, mainly due to the numerous intrinsic and extrinsic factors
that can influence end-product tenderness (Koohmaraie, 1996; Marino et al., 2013). Among
those factors, muscle fiber composition is considered one of the major sources of variation
in meat tenderness (Hwang, Kim, Jeong, Hur, & Joo, 2010; Wright et al., 2018). For
instance, muscle fiber type can influence the rate and extent of postmortem metabolism
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(England et al., 2016), connective tissue content and solubility (Totland, Kryvi, & Slinde,
1988), intramuscular fat (marbling) content (Calkins, Dutson, Smith, Carpenter, & Davis,
1981), and postmortem proteolysis (Muroya, Ertbjerg, Pomponio, & Christensen, 2010),
all of which are major determinants of end-product tenderness. However, the relationship
between muscle fiber profile and tenderness is controversial and poorly understood (Choi
& Kim, 2009). While a positive association has been previously reported between muscle
oxidative capacity and tenderness (Calkins et al., 1981; Hwang et al., 2010; Picard et al.,
2014), other studies showed either no effect or a negative relationship between oxidative
fiber proportions and tenderness (Seideman, Crouse, & Cross, 1986; Totland et al., 1988;
Wright et al., 2018). These conflicting results suggest that further research is needed to
deepen our understanding of the relationship between muscle fiber composition and endproduct tenderness. To that end, we utilized two groups of steaks varying in tenderness and
compared them for the abundance/activity of glycolytic and oxidative markers as well as
two MHC isoforms. We hypothesized that differences in tenderness between the two
groups would be associated with differences in fiber type composition.

4.2. Materials and methods
4.2.1. Muscle sampling
Ninety-nine market weight beef cattle (18 ± 2 months old) of similar genetic
background, feeding, and management conditions were harvested at a commercial
harvesting facility using standard commercial procedures. Within 30 min of
exsanguination, approximately 10 g sample from the longissimus lumborum (LL) muscle
was collected from each carcass using a core-drilling device (subsequently referred to as 0
h aging samples) following previously described methods by Thornton, Chapalamadugu,
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Eldredge, and Murdoch (2017). Samples were immediately snap frozen in liquid nitrogen
and stored at −80 °C until further analysis. At 48 h postmortem, the rest of the LL muscle
was excised from all carcasses, vacuum packaged, and aged at 4 °C for additional 14 d (16
d [384 h] total aging period). Following the aging period, LL muscles were fabricated into
four 2.5-cm steaks. One steak was used for Warner-Bratzler shear force (WBSF), two
steaks were used for sensory analysis, and one steak was frozen and stored in the same
manner described above.
4.2.2. Warner-Bratzler shear force
Instrumental tenderness was evaluated according to the American Meat Science
Association Sensory Guidelines (Belk et al., 2015). In brief, steaks designated for WBSF
analysis were cooked to an internal temperature of 70 °C on a clamshell grill,
equilibrated to room temperature, and stored overnight in a refrigerator at 4 °C. Steaks
were removed from the refrigerator and allowed to equilibrate to room temperature before
core samples were collected. From each steak, seven 1.27-cm-diameter cores were
removed parallel to the muscle fiber orientation with a hand coring device. Cores were
sheared perpendicular to the muscle fibers using a WBSF attachment (V-notch blade)
connected to a TMS-Pro Texture Analyzer (Food Technology Co., Sterling, VA, USA).
Maximum shear force values, measured in Newton (N), were recorded and the average of
the seven replicates was calculated. Of the ninety-nine beef cattle that were processed,
sixteen with the highest and lowest WBSF values were chosen for this study (n = 8/group).
4.2.3. Sensory evaluation
Sensory evaluation was conducted at the Utah State University Sensory Laboratory
by a trained panel (n = 7). The panelists had over three years of experience in sensory
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evaluation of beef quality attributes. Fifteen training sessions were conducted using a series
of steaks ranging in tenderness, juiciness, and beef flavor. Steaks designated for sensory
evaluation were prepared as described in the American Meat Science Association Sensory
Guidelines (Belk et al., 2015). Briefly, steaks were cooked to an internal temperature of 70
°C, held at room temperature for three minutes, and 2 × 2 and 1 × 1 cm sample were cut
and placed in a sample cup. Pre-heated clay bricks were used to maintain sample
temperature prior to evaluation. The 2 × 2 cm samples were used to evaluate tenderness
and juiciness, while the 1 × 1 cm samples were used for beef flavor. Samples were
presented to panelists under red lighting. Panelists were provided with distilled water and
unsalted crackers to cleanse their palates between samples. Each sample was evaluated for
flavor, tenderness, and juiciness using a 15-point numerical scale of 0.5 increments, with
1-5 being slight, 5.5-10.5 moderate, and 11-15 strong in magnitude of characteristic.
4.2.4. SDS-PAGE and immunoblotting
Frozen 0 and 384 h muscle samples were powdered under liquid nitrogen using a
mortar and pestle and then homogenized at 100 mg/ml in a solubilization buffer containing
8 M urea, 2 M thiourea, 3% (wt/vol) SDS, 75 mM dithiothreitol, and 50 mM Tris-HCl (pH
6.8) using a bead-beating homogenizer (TissueLyser LT, Qiagen, Hilden, Germany) and
4-mm-diameter stainless steel beads (Next Advance Inc, Troy, NY, USA). Tissue
homogenates were centrifuged at 10,000 × g for 10 min and supernatants were collected.
Protein concentration was determined using the RC DC protein assay kit according to
manufacturer's directions (BioRad Laboratories, Hercules, CA, USA). Samples were
diluted to 3 mg/ml with the same solubilization buffer supplemented with 0.05% (wt/vol)
bromophenol blue. Prior to being subjected to SDS-PAGE, samples were heat at 95 °C for
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5 min in a dry heating block. A self-casted 10% polyacrylamide resolving gel (33.3%
[vol/vol] 30% acrylamide/0.8% bisacrylamide, 0.37 M Tris, pH 8.8, 0.1% [wt/vol] SDS,
0.13% [wt/vol] ammonium persulfate, and 0.07% [vol/vol] TEMED) was used to detect
desmin and troponin-T degradation and the abundance of succinate dehydrogenase (SDH),
cytochrome c oxidase subunit 1 (COX1), and mitochondrial calcium uniporter (MCU),
while an 8% gel (26.7% [vol/vol] 30% acrylamide/0.8% bisacrylamide, 0.37 M Tris,
pH 8.8, 0.1% [wt/vol] SDS, 0.13% [wt/vol] ammonium persulfate, and 0.07% [vol/vol]
TEMED) was used to detect MHC-I, MHC-IIa, and calpastatin. For the detection of
calpain-1 and lactate dehydrogenase (LDH), a 14% gel (46.7% [vol/vol] 30%
acrylamide/0.8% bisacrylamide, 0.37 M Tris, pH 8.8, 0.1% [wt/vol] SDS, 0.13% [wt/vol]
ammonium persulfate, and 0.07% [vol/vol] TEMED) was used. Gels were run at 60 V for
20 min and then at 120 V for 1.5 h for desmin, troponin-T, SDH, COX1, MCU, and
calpastatin, 2.5 h for MHC-I and MHC-IIa, and 2 h for calpain-1 and LDH at room
temperature in a Mini-PROTEAN electrophoresis unit (BioRad Laboratories, Hercules,
CA, USA). A reference sample was included in each gel to account for variation between
gels and blots. The reference sample consisted of five different pre-rigor muscle protein
samples that were collected in a separate study and pooled in one tube. Separated proteins
were wet transferred to nitrocellulose membranes at 100 V for 60 min at 4 ºC using a Mini
Trans-Blot transfer system (BioRad Laboratories, Hercules, CA, USA) and a transfer
buffer containing 50 mM Tris, 0.38 M glycine, 0.01% (wt/vol) SDS, and 10% (vol/vol)
methanol. After transfer, blots were reversibly stained with Ponceau S to quantify total
protein within each lane. Visualization and quantification of total protein were performed
using a UVP Chemstudio Imaging System and software (Analytik Jena, Upland, CA,
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USA). Membranes were then blocked with 3% (wt/vol) casein in phosphate-buffered saline
and 0.1% (vol/vol) Tween-20 (PBS-T) solution for 1 h at room temperature. Membranes
were incubated overnight at 4 °C with primary antibodies diluted in PBS-T. Primary
antibodies were diluted as follows: desmin, 1:5000 (D1033, Millipore Sigma, St. Louis,
MO, USA); troponin-T, 1:20000 (T6277, Millipore Sigma, St. Louis, MO, USA); SDH,
1:2000 (459200, Thermo Scientific, Rockford, IL, USA); MHC-I, 0.4 µg/ml (BA-D5,
Developmental Studies Hybridoma Bank, Iowa City, IA, USA); MHC-IIa, 0.4 µg/ml
(A4.74, Developmental Studies Hybridoma Bank, Iowa City, IA, USA); MCU, 1:1000
(D2Z3B, Cell Signaling Technology, Danvers, MA, USA); calpain-1, 1:2000 (MA3-940,
Thermo Scientific, Rockford IL, USA); calpastatin, 1:2000 (MA3-944, Thermo Scientific,
Rockford, IL, USA); COX1, 1:2000 (1D6E1A8, Thermo Scientific, Rockford, IL, USA);
LDH, 1:5000, (NBP1-48336, Novus Biologicals, Littleton, CO, USA). Membranes were
then washed 3 times (5 min each time) with PBS-T before being incubated for 1 h at room
temperature with secondary antibody diluted in PBS-T. Goat anti-mouse florescent
secondary antibody (CF680, Biotium Inc., Fremont, CA, USA) diluted to 1:20,000 was
used for the detection of desmin, troponin-T, SDH, MHC-I, MHC-IIa, calpain-1,
calpastatin, and COX1, while donkey anti-rabbit florescent secondary antibody (CF680,
Biotium Inc., Fremont, CA, USA) diluted to 1:20,000 was used for MCU and LDH.
Membranes were washed an additional 3 × 5 min in PBS-T and then band intensities were
quantified using the previously mentioned imaging system and software.
SDH, MHC-I, MHC-IIa, calpain-1, calpastatin, COX1, LDH, and MCU bands of
the 0 h samples were quantified and normalized to the intensity of total protein within each
lane to ensure equal amounts of protein were loaded. Values obtained after total protein
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normalization were subsequently normalized to the reference sample within each blot. The
extent of desmin and troponin-T degradation was calculated similarly and the ratio of the
intact protein at 384 h was expressed relative to 0 h, with 55 and 44 kDa considered the
intact bands of desmin and troponin-T, respectively.
4.2.5. Glycogen phosphorylase activity
Total glycogen phosphorylase (GP a + b) activity was determined
spectrophotometrically using a UV-Vis spectrophotometer (Epoch 2, BioTek, Winooski,
VT, USA) according to the method described by England, Matarneh, Scheffler, Wachet,
and Gerrard (2014) with modifications. Briefly, powdered muscle tissues were
homogenized at 1:10 (wt/vol) in ice-cold 100 mM K2HPO4 solution (pH 7.4). Aliquots of
the muscle homogenate were added to a reaction buffer containing 200 mM MES (pH 6.8),
50 mM K2HPO4, 2 mg/ml glycogen, 1.3 mM MgCl2, 0.1 mM EDTA, 0.5 mM NADP+,
1.75 mM AMP, 1 U/ml phosphoglucomutase, and 1 U/ml glucose 6-phosphate
dehydrogenase. Kinetic measurements were taken in triplicate using 96-well clear, flatbottom microplates (Corning, Kennebunk, ME, USA). The increase in absorbance due to
the reduction of NADP+ to NADPH was measured at 340 nm every 1 min for 7 min. Total
protein concentration of the tissue homogenates was determined using the RC DC protein
assay kit (BioRad Laboratories, Hercules, CA, USA) to express enzymatic activity per mg
of protein. Samples were prepared for the assay by mixing homogenates at 1:1 (vol/vol)
with a solubilization buffer consisting of 8 M urea, 2 M thiourea, 3% (wt/vol) SDS, 75 mM
dithiothreitol, and 50 mM Tris-HCl (pH 6.8) before heating at 95 °C for 5 min. The assay
was carried out in accordance with the manufacturer's instructions. Total GP activity was
reported as nmol NADPH/min/mg protein.
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4.2.6. Phosphofructokinase activity
Spectrophotometric measurement of phosphofructokinase (PFK) activity was
performed according to Matarneh et al. (2018) using the same tissue homogenates prepared
for GP activity. Aliquots of tissue homogenates were added to a reaction buffer containing
120 mM MES (pH 7.0), 3.2 mM MgSO4, 2 mM ATP, 1 mM NADH, 3 mM fructose 6phosphate, 1 U/ml aldolase, 2 U/ml triosephosphate isomerase, and 1 U/ml glycerol-3phosphate dehydrogenase. Aliquots of reaction mixture were transferred in triplicates to
96-well microplates. The reduction in absorbance due to the oxidation of NADH to NAD+
was measured at 340 nm every 1 min for 7 min. Values were reported as
nmol NADH/min/mg protein.
Citrate synthase activity
Citrate synthase (CS) activity was determined spectrophotometrically according to
Scheffler et al. (2014) with modifications using the same tissue homogenates used above.
Concisely, aliquots of tissue homogenate were added to reaction buffer containing 85 mM
Tris (pH 8.3), 0.5 mM oxaloacetate, 0.45 mM acetyl-CoA, and 0.1 mM dithionitrobenzoic
acid (DTNB). The assay was carried out at 37 °C in 96-well microplates and the increase
in absorbance due to the formation of thionitrobenzoic acid (TNB) was measured at 412 nm
every 1 min for 7 min. Measured values of CS activity were reported as nmol TNB/min/mg
protein.
4.2.7. Statistical analysis
Data were analyzed using the mixed model of JMP (SAS Institute Inc., Cary, NC,
USA) with animal as the experimental unit. The statistical model included the fixed effect
of tenderness category (very tender or intermediate tender) and the random effect of
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animal. Analysis of variance with repeated measures was used to analyze desmin and
troponin-T degradation at 0 and 384 h. When appropriate, a Tukey-Kramer multiple
comparison test was performed to identify statistical differences in mean values between
treatments. All data are expressed as least-squares means ± SE and differences were
considered significant at P  0.05.

4.3. Results and discussion
Following WBSF measurements at 384 h, steaks with highest and lowest WBSF
values were selected to be used in this study (n = 8/ group). The average WBSF value for
the first group was 49.5 ± 1.15 N, while the second group had an average WBSF value of
24.6 ± 0.93 N (P < 0.05, Fig. 4-1A). Based on WBSF and sensory analysis, Destefanis,
Brugiapaglia, Barge, and Dal Molin (2008) classified beef tenderness into five categories:
very tough (> 63 N), tough (53-63 N), intermediate (43-53 N), tender (33-43 N), and very
tender (< 33 N). According to this classification, all sixteen steaks used in the present study
fall either in the intermediate or very tender category. Therefore, the first group of steaks
was designated as intermediate tender, while the second group as very tender. In addition
to WBSF, a sensory evaluation was also carried out on the same set of steaks. Very tender
steaks received higher tenderness rating (P < 0.05) by trained sensory panelists than those
classified as intermediate tender (Fig. 4-1B). In fact, Miller et al. (2001) indicated that a
WBSF value of 45 N is a transition point in which consumers can detect the difference
between tough and tender meat. However, panelists sensory evaluation of juiciness and
beef flavor indicated no differences (P > 0.05) between the two categories (Fig. 4-1C and
D, respectively). Similar results have been previously reported, where panelists were able
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to detect differences in tenderness in longissimus steaks, but found no differences in
juiciness and flavor (Legako et al., 2015).
To examine the possible relationship between muscle fiber characteristics and
tenderness, we compared the abundance of two MHC isoforms and the activity/abundance
of several glycolytic and mitochondrial enzymes between the two steak groups. Due to the
absence of type IIb isoform in bovine longissimus muscle (Chikuni, Muroya, & Nakajima,
2004; Kim, Jeong, Cho, & Jeong, 2017) and the lack of specific antibody to type IIx
isoform, only MHC type I and IIa were evaluated in the current study. According to Kim
et al. (2017), MHC-I and IIa are the primary MHC isoforms in bovine longissimus muscle
as they represent 86% (24% and 62%, respectively) of the total MHC content, while MHCIIx accounts for the remaining 14%. Very tender steaks had significantly lower MHC-I (P
= 0.05, Fig. 4-2A) and greater MHC-IIa (P < 0.05, Fig. 4-2B) than steaks of intermediate
tenderness. In conjunction with this, lower CS activity (P < 0.05, Fig. 4-3A) and SDH
abundance (P < 0.05, Fig. 4-3B), both tricarboxylic acid cycle enzymes, were also detected
in the very tender steaks. However, no difference (P > 0.05) was observed between the two
groups with regard to mitochondrial COX1 abundance (Fig. 4-3C). In contrast, very tender
steaks had greater GP activity (P < 0.05, Fig. 4-4A), the primary enzyme responsible for
glycogen degradation, than steaks of intermediate tenderness. Similarly, greater PFK
activity (P < 0.05, Fig. 4-4B), the key regulatory enzyme of glycolysis, was observed in
the very tender steaks compared to their intermediate tender counterparts. No difference (P
> 0.05) was detected for the abundance of LDH between the two groups (Fig. 4-4C).
Although two of the tested markers were not found different between the two groups, our
results collectively indicate that very tender steaks possess a more glycolytic profile and,
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conversely, intermediate tender steaks are more oxidative. Several researchers have
reported increased tenderness in glycolytic muscles compared to those containing
predominantly oxidative fibers (Hwang et al., 2010; Muroya, Nakajima, Oe, & Chikuni,
2006; Wright et al., 2018). This enhancement in tenderness has been attributed to greater
calpain/calpastatin ratio in glycolytic muscle (Choi & Kim, 2009; Ouali & Talmant, 1990),
which enhances its capacity for postmortem proteolysis and tenderization. In fact, the rate
of postmortem proteolysis has been repeatedly shown to be faster in glycolytic muscles
than oxidative muscles (Joo, Kim, Hwang, & Ryu, 2013; Totland et al., 1988). Consistent
with the aforementioned, Muroya et al. (2010) showed that desmin and troponin-T of
glycolytic myofibers were more susceptible to proteolysis than those of oxidative fibers.
While the molecular basis for this differential susceptibility to proteolysis is unclear, the
authors suggested that it might be due to differences in myofibrillar protein isoforms in fast
and slow muscle fibers.
It is generally agreed upon that proteolysis during meat aging is the major
determinant of beef tenderness, especially in the longissimus muscle (Koohmaraie &
Geesink, 2006). Postmortem proteolysis involves the degradation of several myofibrillar
proteins in the muscle, resulting in disrupting the myofibrillar structure, and ultimately,
tenderization. To test if the observed difference in tenderness between the two groups of
steaks was due to a difference in the extent of postmortem proteolysis, the degradation of
desmin and troponin-T was evaluated. Troponin-T is a tropomyosin binding subunit of the
troponin regulatory complex, one of the thin myofilament associated proteins (Lennarz &
Lane, 2013), while desmin is a major intermediate filament protein that provides structural
integrity by conjoining adjacent myofibrils (Paulin & Li, 2004). Both desmin and troponin-
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T are substrates for calpain-1 and their degradation during meat aging has been associated
with improved tenderness (Baron, Jacobsen, & Purslow, 2004; Huff-Lonergan et al., 1996;
Kitamura et al., 2005). Greater degradation of desmin at 384 h postmortem (P < 0.05, Fig.
4-5A), measured by the disappearance of the 55 kDa band, was observed in the very tender
steaks compared to the intermediate tender steaks. Degradation of intact troponin-T,
measured by the disappearance of the 44 kDa band, paralleled the results of desmin, in
which very tender steaks had greater degradation at 384 h (P < 0.05, Fig. 4-5B). These data
strongly suggest that the difference in tenderness between the two groups is due, in part, to
differences in the extent of proteolysis. It is well established that calpain-1 is the major
protease involved in postmortem proteolysis (Huff-Lonergan et al., 1996; Koohmaraie &
Geesink, 2006). The activity of calpain-1 is tightly regulated by its endogenous inhibitor
protein, calpastatin. A low calpain-1/calpastatin ratio in the muscle decreases postmortem
proteolysis, thereby negatively impact tenderness. To test if the difference in proteolysis
between the two steak groups was due to differences in calpain-1/calpastatin ratio, the
abundance of calpain-1 and calpastatin were measured at 0 h in both groups. No differences
(P > 0.05) in calpain-1 (Fig. 4-6A) or calpastatin (Fig. 4-6B) contents were observed
between the two groups of steaks. This lack of difference indicates that the difference in
proteolysis between the two steak groups (Fig. 4-5) is likely due to differences in calpain1 activity. An increase in cytosolic calcium concentration in muscle postmortem
is required for calpain-1 activation (Goll, Thompson, Taylor, & Ouali, 1998). When
cytosolic calcium reaches a threshold level, calpain-1 undergoes autolysis and becomes
active. While free cellular calcium level was not measured in the current study, glycolytic
muscle fibers have more extensive and developed sarcoplasmic reticulum (Hochachka,
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Emmett, & Suarez, 1988), which may accelerate the increase in cytosolic calcium
concentration required for calpain-1 activation (Lawrie & Ledward, 2006). In addition,
glycolytic muscle fibers exhibit a faster rate of ATP depletion during the postmortem
period than those of oxidative fibers (Matarneh, England, Scheffler, & Gerrard, 2017).
Sarcoplasmic reticulum calcium pump, the protein responsible for calcium uptake into the
sarcoplasmic reticulum, does not function in the absence of ATP, which accelerate the
increase in cytosolic calcium accumulation (Rhee & Kim, 2001). Taken together, increased
glycolytic capacity may provide greater potential for faster accumulation of cytosolic
calcium, which is advantageous for postmortem proteolysis. In addition to proteolysis,
connective tissue content and solubility can significantly influence end-product tenderness
(Totland et al., 1988). However, connective tissue becomes a minor contributor to
tenderness variation when comparing youthful “A” maturity beef (< 30 months of age)
(Davis, Smith, Carpenter, Dutson, & Cross, 1979; Seideman, Koohmaraie, & Crouse,
1987). Thus, connective tissue was not evaluated in the current study as the same muscle
was compared between two groups of animals that had similar genetic background and
were all less than 30 months old.
One of the underlying differences between muscle fiber types is the abundance of
mitochondria. Inherently, oxidative muscle fibers contain greater amounts of mitochondria
than those of glycolytic fibers (England et al., 2016). Mitochondria are major “sinks” for
intracellular calcium, which makes them important modulators of cytosolic-free calcium
concentration (Baughman et al., 2011). Calcium entry into mitochondria is mainly
mediated by MCU, a calcium-selective ion channel in the inner membrane (Giorgi et al.,
2012). The potential role of mitochondria in postmortem calcium homeostasis and
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proteolysis has been recently investigated by our research group (Dang et al., 2020). In that
study, we injected pre-rigor bovine muscle samples with DS16570511, a specific inhibitor
of MCU, to inhibit mitochondrial calcium uptake. The emerging data indicated that
inhibition of mitochondrial calcium uptake increased cytosolic calcium levels, calpain-1
activity, proteolysis, and beef tenderness. Consequently, we compared the abundance of
MCU between the two steak groups, and found that MCU was greater in the intermediate
tender steaks (P < 0.05, Fig. 4-7) than very tender steaks. The greater MCU content in the
steaks of intermediate tenderness is likely a function of their greater mitochondria content,
as measured by the abundance of CS and SDH (Fig. 4-3A and B, respectively). Increased
MCU content in the intermediate tender steaks enhances their calcium buffering capacity,
which may have delayed the increase in cytosolic calcium concentration and thereby
calpain-1 activation and tenderization. Therefore, mitochondria content and function may
negatively impact postmortem proteolysis and tenderization.
Data reported herein indicate that very tender steaks possess a more glycolytic and
less oxidative profile than intermediate tender steaks, suggesting a positive association
between tenderness and muscle glycolytic capacity. However, the latter must be considered
with great care as the effect of muscle fiber type can be confounded with major
determinants of tenderness such as connective tissue amount and solubility, degree of
sarcomere shortening, extent of postmortem proteolysis, and marbling (Lee et al., 2010;
Maltin, Balcerzak, Tilley, & Delday, 2003). As a result, conflicting data have been reported
regarding the relationship between muscle fiber composition and tenderness (Wright et al.,
2018; Zamora et al., 1996). Contrary to our results, other studies showed a positive
correlation between muscle oxidative capacity and tenderness (Calkins et al., 1981; Hwang
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et al., 2010; Picard et al., 2014). Muscle composed of predominantly oxidative fibers tends
to deposit more intramuscular fat (Calkins et al., 1981), which is positively correlated to
tenderness. In addition, tenderness generally increases with decreasing muscle fiber size
(i.e., cross sectional area) (Chriki et al., 2012), and oxidative fibers are generally smaller
than glycolytic fibers (Jurie et al., 2007). In contrast, lower connective tissue content and
greater postmortem proteolysis are major factors leading to increased tenderness in
glycolytic muscles (Choi & Kim, 2009). To add complexity, the relative contributions of
the aforementioned factors are muscle dependent (Raza et al., 2020). For instance, psoas
major, one of the most tender muscles in the beef carcass (Carmack, Kastner, Dikeman,
Schwenke, & Zepeda, 1995), is highly oxidative relative to other muscles such as the
longissimus (Hunt & Hedrick, 1977). According to Koohmaraie and Geesink (2006),
sarcomere length is the major contributor to tenderness of psoas major, while postmortem
proteolysis is the major determinant of longissimus tenderness. Therefore, data collected
in this research should not be generalized to all muscles in the beef carcass. Rather, muscle
fiber type may help to explain differences in tenderness of the same muscle across different
beef carcasses.

4.4. Conclusions
Findings presented in this study indicate that muscle fiber type characteristics of
the very tender steaks differ from that of their intermediate tender counterparts.
Specifically, very tender steaks possessed greater glycolytic capacity as measured by the
abundance of MHC isoforms and abundance/activity of glycolytic and mitochondrialbased oxidative enzymes. The difference in tenderness between the two steak groups
appears to result from changes in their capacity for postmortem proteolysis, likely through
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modulating calpain-1 activity. In addition, very tender steaks had reduced MCU, arguing
that a negative relationship exists between tenderness and mitochondrial content.
Collectively, shifting muscle fiber composition toward a more glycolytic type may impact
events that modulate postmortem proteolytic activity, and ultimately, tenderization.
Additional work is warranted if we are to exploit these mechanisms to improve the
tenderness of fresh beef.
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Fig. 4-1. A) Warner-Bratzler shear force (WBSF) values and sensory evaluation of the
intermediate and very tender steaks at 384 h postmortem. A) WBSF (N); B) tenderness; C)
juiciness; D) beef flavor. Int. tender = intermediate tender. Data are least-squares means ±
SE. *Indicates means differ significantly (P ≤ 0.05).
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Fig. 4-2. A) representative western blot (top) and relative band intensity (bottom) of
myosin heavy chain type I (MHC-I); B) representative western blot (top) and relative band
intensity (bottom) of myosin heavy chain type IIa (MHC-IIa) of the intermediate and very
tender steaks at 0 h postmortem. Int. tender = intermediate tender. Data are least-squares
means ± SE. *Indicates means differ significantly (P ≤ 0.05).
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Fig. 4-3. A) citrate synthase (CS) activity (nmol TNB/min/mg protein); B) representative
western blot (top) and relative band intensity (bottom) of succinate dehydrogenase (SDH);
C) representative western blot (top) and relative band intensity (bottom) of cytochrome c
oxidase subunit 1 (COX1) of the intermediate and very tender steaks at 0 h postmortem.
Int. tender = intermediate tender. TNB = thionitrobenzoic acid. Data are least-squares
means ± SE. *Indicates means differ significantly (P ≤ 0.05).
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western blot (top) and relative band intensity (bottom) of lactate dehydrogenase (LDH) of
the intermediate and very tender steaks at 0 h postmortem. Int. tender = intermediate tender.
Data are least-squares means ± SE. *Indicates means differ significantly (P ≤ 0.05).
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CHAPTER V
TANDEM MASS TAG LABELING TO ASSESS PROTEOME DIFFERENCES
BETWEEN INTERMEDIATE AND VERY TENDER BEEF STEAKS

Abstract
Tenderness is considered one of the most important quality attributes dictating consumers'
overall satisfaction and future purchasing decisions of fresh beef. However, the ability to
predict and manage tenderness has proven very challenging due to the numerous factors
that contribute to variation in end-product tenderness. Proteomic profiling allows for global
examination of differentially abundant proteins in the meat and can provide new insight
into biological mechanisms related to meat tenderness. Hence, the objective of this study
was to examine proteomic profiles of beef longissimus lumborum (LL) steaks varying in
tenderness, with the intention to identify potential biomarkers related to tenderness. For
this purpose, beef LL muscle samples were collected from 99 carcasses at 0 and 384 h
postmortem. Based on Warner-Bratzler shear force (WBSF) values at 384 h, 16 samples
with the highest (intermediate tender [IT]) and lowest (very tender [VT]) values were
selected to be used for proteomic analysis in this study (n = 8/category). Using Tandem
Mass Tag (TMT)-based proteomics, a total of 876 proteins were identified, of which 51
proteins were differentially abundant (P < 0.05) between the tenderness categories and
aging periods. The differentially identified proteins encompassed a wide array of biological
processes related to muscle contraction, calcium signaling, metabolism, extracellular
matrix organization, chaperone, and apoptosis. A greater (P < 0.05) relative abundance of
proteins associated with carbohydrate metabolism and apoptosis, and a lower (P < 0.05)
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relative abundance of proteins involved in muscle contraction was observed in the VT
steaks after aging compared to the IT steaks, suggesting that more proteolysis occurred in
the VT steaks. This may be explained by the greater (P < 0.05) abundance of chaperonin
and calcium binding proteins in the IT steaks, which could have limited the extent of
postmortem proteolysis in these steaks. In addition, greater (P < 0.05) abundance of
connective tissue proteins was also observed in the IT steaks, which likely contributed to
the difference in tenderness due to added background toughness. The established proteomic
database obtained in this study may provide a reference for future research regarding
potential protein biomarkers that are associated with meat tenderness.
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5.1. Introduction
Tenderness is regarded as one of the most important eating quality attributes of beef
(Gagaoua et al., 2019), and research indicates that consumers are willing to pay up to 8%
more for guaranteed tender beef (Alfnes et al., 2008). Conversely, variation in beef
tenderness negatively influences consumer satisfaction as well as future likelihood of
repeat purchase (Van Wezemael et al., 2014). Therefore, the beef industry must provide
products of consistent quality to meet consumer expectations and be perceived as high
value. Despite years of investigation, however, we are still unable to precisely predict or
control fresh beef tenderness. This is likely due, in part, to the complex nature and lack of
understanding of factors contributing to variation in beef tenderness.
Skeletal muscle undergoes dramatic textural changes during the postmortem period
that dictate end-product tenderness. These changes are mainly driven by two postmortem
antagonistic processes, rigor mortis and proteolysis. While rigor mortis is responsible for
muscle stiffness, proteolysis compromises the overall structural integrity of the muscle and
is responsible for the improvement in tenderness during postmortem aging. Proteolysis in
postmortem muscle involves the action of several endogenous proteolytic enzyme systems,
including calpains, cathepsins, and caspases (Kemp et al., 2010). Yet, the calciumdependent calpain system, more specifically calpain-1, has been widely regarded as the
major protease responsible for postmortem proteolysis and tenderization (Geesink et al.,
2006). In addition to proteolysis, connective tissue content and solubility and sarcomere
length are major determinants of meat tenderness (Totland et al., 1988; Smulders et al.,
1990). However, inconsistency in meat tenderness is often attributed to variations in the
extent of postmortem proteolysis (Dang et al., 2020), particularly in the longissimus muscle
(Wheeler and Koohmaraie, 1999). Hence, it is necessary to identify biomarkers related to
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proteolysis and tenderness in order to minimize variation in beef tenderness.
Omics approaches have been utilized in the field of meat science to examine
changes in postmortem muscle and their relationship to the physicochemical and sensory
properties of the resulting meat (Ramanathan et al., 2020). Proteomic profiling, in
particular, has been widely exploited to gain deeper insight into the biochemical events
controlling meat tenderness through providing information about protein relative
abundance, modification (i.e., oxidation, degradation, and denaturation), localization, and
interaction (Schilling et al., 2017). Further, proteomic studies based on comparisons
between tender and tough beef have revealed several potential protein biomarkers related
to tenderness (Laville et al., 2009; Bjarnadottir et al., 2012; D'Alessandro et al., 2012b;
Carvalho et al., 2014). These proteins were found to be involved in different biological
processes, including calcium homeostasis, oxidative stress, apoptosis, proteolysis, energy
metabolism, and structural integrity. Results from these studies have shown a promising
potential of proteomic analysis to improve our understanding of factors controlling meat
tenderness.
Tandem mass tag (TMT) is a chemical labeling technique that allows for highthroughput and multiplexed quantitative proteomic analysis (O’Brien et al., 2018). TMTbased quantitative proteomics has been recently utilized in meat science research to assess
differences in color stability of different ovine (Li et al., 2018) and bovine (Zhai et al.,
2020) muscles. This tool has also been used to gain deeper insight into factors controlling
the rate and extent of postmortem metabolism (Zequan et al., 2021; Zhu et al., 2021a). In
this study, we utilized a TMT-based quantitative proteome analysis to examine differences
in protein profiles between two groups of beef steaks varying in tenderness, with the
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intention to identify potential biomarkers related to tenderness. Although similar studies
have been previously performed (Laville et al., 2009; Bjarnadottir et al., 2012;
D'Alessandro et al., 2012b; Carvalho et al., 2014), none of these studies utilized TMTbased proteome analysis.

5.2. Materials and methods
5.2.1. Muscle sampling
Market weight steers (18 ± 2 months, n = 99) of similar genetic background,
feeding, and management conditions were humanely harvested at a federally inspected
commercial abattoir following USDA guidelines. At ~30 min postmortem, ~10 g of the
longissimus lumborum (LL) muscle was collected from one side of each carcass, snapfrozen in liquid nitrogen, and stored at −80 °C (subsequently referred to as 0 h postmortem
samples). All carcasses were stored at 4 °C for 48 h. Afterward, the rest of the LL muscle
was excised from all carcasses, vacuum packaged, and aged for an additional 14 d (16 d
[384 h] total aging period). At the end of the aging period, two 2.5-cm-thick steaks were
obtained from each muscle; one steak was used for shear force determination, while the
other one was frozen and stored in the same manner described above.
5.2.2. Warner-Bratzler shear force
Warner-Bratzler shear force (WBSF) was evaluated using a WBSF (V-notch)
attachment coupled to a TMS-Pro Texture Analyzer (Food Technology Co., Sterling, VA,
USA) and in accordance with previously described procedures (Belk et al., 2015). Briefly,
the 384 h aged steaks were cooked on an electric clamshell grill to an internal temperature
of 71 °C. After cooking, steaks were blotted dry, equilibrated to room temperature, and
stored overnight at 4 °C. On the following day, seven 1.27-cm-diameter core samples were
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collected from each steak parallel to the muscle fiber orientation with a hand-held coring
device. Cores were then sheared perpendicular to the longitudinal axis of the muscle fibers.
Shear force was determined as the average maximum force (Newton [N]) of the seven
cores. Based on WBSF measurements, sixteen samples with the highest and lowest values
were selected to be used for proteomic analysis in this study (n = 8/group). These 16
samples are the same sample used in our previous publication (Dang et al., 2020).
5.2.3. Proteomic analysis
5.2.3.1. Protein solubilization and quantification
Frozen 0 and 384 h muscle samples were pulverized under liquid nitrogen using a
mortar and pestle, and an aliquot (~100 mg) was collected from each sample in a
microcentrifuge tube. Then, a buffer containing 8 M urea, 50 mM HEPES, and 1% SDS
(pH 8) was added to each sample at a 1:10 ratio. The resulting mixture was homogenized
with a bead-beating homogenizer (TissueLyser LT, Qiagen, Hilden, Germany) and 4-mmdiameter stainless steel beads (Next Advance Inc., Troy, NY, USA). Aliquots for protein
quantification were removed from the tissue homogenate, heated at 90 °C for 5 min, and
centrifuged at 10,000 ×g for 10 min at room temperature. Protein concentration was
determined on the resulting supernatants using the RCDC protein assay kit in accordance
with the manufacturer's directions (BioRad Laboratories, Hercules, CA, USA).
5.2.3.2. Protein reduction, alkylation, and digestion
All procedures were performed according to the TMT 6-plex kit manual (Thermo
Fisher

Scientific,

Waltham,

MA,

USA).

In

brief,

an aliquot

from

each

sample corresponding to 100 µg protein was mixed with 100 mM triethyl ammonium
bicarbonate (TEAB) to achieve a final volume of 100 µl. For reduction of disulfide bonds,
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Tris (2-carboxyethyl) phosphine (9.5 mM final concentration) was added and the mixture
was incubated at 55 °C for 1 h. Free cysteines were then alkylated with iodoacetamide
(17.9 mM final concentration) at room temperature in the dark for 30 min. Following, icecold acetone was added at 6:1 ratio and proteins were precipitated overnight at −80 °C.
Precipitates were collected following centrifugation at 8000 ×g for 10 min at 4 °C.
Supernatants were removed and pellets were allowed to air dry under a sheet of foil. Pellets
were reconstituted in 100 µl TEAB and then digested with 2.5 µg trypsin overnight at 37
°C.
5.2.3.3. Peptide labeling
Total peptide concentration of digested samples was determined using a NanoDrop
(ND-1000; Thermo Fisher Scientific, Waltham, MA, USA) at 205 nm (Scopes, 1974).
Samples were randomly assigned to one of 6 TMT labels across seven TMT sets. A quality
control (QC) sample was included in each set to account for variation between TMT sets.
The QC sample consisted of all samples utilized in this study pooled into one tube at equal
peptide concentrations. 74 μg peptide from each sample was mixed with 100 mM TEAB
to achieve a final volume of 100 µl. Subsequently, 41 µl of TMT label reagent was added
to each sample and incubated at room temperature for 1 h. Hydroxylamine was added to
each sample (0.37% final concentration) before being incubated for an additional 15 min.
Samples within each TMT set were then pooled together. Peptides within each pooled
sample were acidified using 15 μl of 10% trifluoracetic acid (TFA).Samples within each
TMT set were then pooled together. Peptides within each pooled sample were acidified
using 15 μl of 10% trifluoracetic acid (TFA).
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5.2.3.4. Peptide cleanup and fractionation
Removal of excess TMT label, desalting, and fractionation of peptides was carried
out using Pierce High pH Reversed-Phase Peptide Fractionation Kit following the
manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA). In brief, 100
µg of total peptide from each pooled sample was subjected to stepwise fractionation using
an elution buffering (0.1% TEA and acetonitrile added to 10−50% final concentration) and
centrifugation at 3000 ×g for 2 min at room temperature. A total of 8 fractions were
collected from each TMT set and subsequently dried using a Savant SpeedVac (Savant
Instruments, Farmingdale, NY, USA). Dried samples were then reconstituted in a solution
consisting of 5% acetonitrile and 0.1% formic acid.
5.2.3.5. Mass Spectrometry Analysis
A total of 0.75 μg of peptides was purified and concentrated from the peptide
fractions using an online enrichment column (Waters Symmetry Trap C18 100 Å, 5 µm,
180 µm ID × 20 mm column). Chromatographic separation of the resulting peptide
concentrates was performed using a reverse-phase nanospray column (Peptide BEH C18;
1.7 µm, 75 µm ID × 150 mm column; Waters, Milford, MA, USA) with an 85 min linear
gradient from 5−40% (99.9% acetonitrile and 0.1% formic acid) followed by 40−85% for
7 minutes at a flow rate of 350 nl/min. Eluted samples were subjected to mass spectrometry
analysis using a mass spectrometer (Orbitrap Velos Pro; Thermo Scientific, Waltham, MA,
USA) equipped with a Nanospray Flex ion source. Fragmentation was achieved via highenergy collisional dissociation with a set collision energy of 35%. Spectra were collected
over an m/z range of 400-1500 with only the top 10 ions possessing charge state +2 or
higher accepted for MS/MS. The selection criteria were based on a dynamic exclusion limit
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of 1 MS/MS spectra of a given m/z value for 30 s (exclusion duration of 120 s). Fourier
transform profile mode with resolutions of 30,000 and 7,500 was used for both MS and
MS/MS, respectively. From the resulting spectra, a list of compounds with set S/N
threshold of 1.5 and 1 scan/group was generated using the Xcalibur 3.0 software Thermo
Fisher Scientific, San Jose, CA, USA).
5.2.3.6. Data Processing
Tandem mass spectra extraction, charge state deconvolution, and deisotoping were
processed with ProteoWizard MsConvert (Chambers et al., 2012). Spectra from all samples
were searched using Mascot version 2.6.0 (Matrix Science, London, UK) against the Bos
taurus proteome (UP000009136) and cRAP common contaminants database (75,997 total
entries), specifying the digestion enzyme trypsin with a fragment ion mass tolerance of
0.020 Da and a parent ion tolerance of 25 ppm. Fixed modifications were set as
carbamidomethylation of cysteine and TMT 6-plex of lysine and the n-terminus, while
variable modifications were set as deamidation of asparagine and glutamine and oxidation
of methionine.
Search results from each TMT set were subjected to MuDPIT analysis through the
Scaffold software (Version 5.0; Proteome Software Inc., Portland, OR, USA) (Searle et al.,
2008). A peptide threshold of 89% was set so that hits to the reverse database would obtain
a peptide false discovery rate (FDR) of 0.08% (Käll et al., 2008). Protein identifications
were accepted if the protein probabilities assigned by the Protein Prophet algorithm
(Nesvizhskii et al., 2003) were greater than 99.0% and contained at least 2 identified
peptides. Proteins with similar peptides and that could not be differentiated by MS/MS
analysis were grouped to satisfy the principles of parsimony. Purity correction was
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performed using purity values supplied by Thermo Fisher Scientific (Lots VJ313112 and
VJ307214) with an algorithm described by Shadforth et al. (2005). Log-transformation and
normalization of intensities was performed across samples following methods provided by
Oberg et al. (2008), with transformed values being weighted by an adaptive intensity
weighting algorithm. Peptide spectra that were assigned to multiple proteins and missing
reference values were removed from the analysis.
5.2.4. Statistical analysis
Data were analyzed using Scaffold software. Pairwise comparison between
tenderness categories (very tender vs. intermediate tender) and aging periods (0 vs. 384 h)
was evaluated using a moderated t-test. A fold change threshold of 1.2 was applied to
ensure confidence in differentially expressed proteins. To control for FDR and multiple
testing, a Benjamini−Hochberg adjustment was performed with P < 0.05 (Benjamini and
Hochberg, 1995).

5.3. Results
In this study, steaks of the highest and lowest WBSF values were selected for
proteomic analysis (n = 8/group). These samples were previously utilized by Dang et al.
(2020) in a separate study that investigated metabolic differences between the two steak
groups. The average WBSF value for the first group was ~49.5 N, while the second group
had an average value of ~24.6 N. Destefanis et al. (2008) classified beef tenderness, by
correlating WBSF values and sensory scores, into five categories: very tough (> 63 N),
tough (53–63 N), intermediate (43–53 N), tender (33–43 N), and very tender (< 33 N).
Following this classification, the first group of steaks was categorized as intermediate
tender (IT), while the second group was very tender (VT).
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From the TMT-based proteomic analysis, a total of 876 proteins were identified, of
which 51 proteins were differentially abundant (P < 0.05) across tenderness categories and
aging periods (IT at 0 h vs. VT at 0 h; IT at 0 h vs. IT at 384 h; VT at 0 h vs. VT at 384 h;
IT at 384 h vs. VT at 384 h). To simplify the results, differentially abundant proteins were
categorized based on their main biological processes into eight different categories:
proteins involved in muscle contraction and calcium signaling (Table 1), carbohydrate
metabolism, TCA cycle and oxidative phosphorylation, and fatty acid metabolism (Table
2), extracellular matrix organization and platelet activation (Table 3), and a category for
other biological functions (Table 4).
5.3.1. Proteins involved in muscle contraction and calcium signaling
Fourteen proteins involved in muscle contraction were differentially abundant
between the tenderness categories and aging periods (Table 1). Myosin light chain 6B
(MYL6B) and alpha-actin (ACTA1) were more abundant (P = 0.008) in the VT than IT
steaks at 0 h postmortem. Abundance of myosin light chain 3 (MYL3) increased (P =
0.0004) in the VT steaks after 384 h of aging, whereas myosin regulatory light chain 2
(MYL2), synaptopodin 2 like (SYNPO2L), telethonin (TCAP), myozenin 3 (MYOZ3),
vimentin (VIM), and PDZ and LIM domain protein 7 (PDLIM7) were all found to be less
abundant (P ≤ 0.008) in the VT steaks at 384 h compared to their 0 h counterparts.
Similarly, a decrease (P ≤ 0.01) in the abundance of TCAP, MYOZ3, VIM, and PDLIM7
was observed in the IT steaks following aging. On the other hand, aging of the IT steaks
increased (P ≤ 0.001) the abundance of myosin heavy chain I (which is encoded by
MYH7), MYL6B, four and a half LIM domains 1 (FHL1), cysteine and glycine-rich
protein 3 (CSRP3), and calsequestrin (CASQ2). At 384 h postmortem, transgelin
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(TAGLN) and CSRP3 were more abundant (P = 0.001) in the IT steaks than VT.
Among the differentially identified proteins, four were related to calcium signaling
(Table 1). Annexin A2 (ANXA2) was greater (P = 0.0005) in the IT steaks than the VT at
0 h postmortem. Decreased abundance (P = 0.04) of protein S100-A4 (S100A4) was
detected in the VT steaks after 384 h of aging. Similarly, aging lowered the abundance (P
≤ 0.0004) of cadherin-13 (CDH13), ANXA2, and protein S100-A2 (S100A2) in the IT
steaks.
5.3.2. Proteins related to metabolism in skeletal muscle
Lactate dehydrogenase B (LDHB), mannose-6-phosphate isomerase (MPI), 6phosphogluconate dehydrogenase (PGD), transketolase (TKT), and NADH-cytochrome b5
reductase 3 (CYB5R3) are proteins involved in carbohydrate metabolism and were
identified as being differentially abundant in this study (Table 2). LDHB and MPI were
expressed at greater level (P ≤ 0.01) in the VT category compared to IT at 0 h. Lower
abundance (P = 0.0004) of TKT was observed in the VT steaks following aging, while IT
stakes had decreased abundance (P ≤ 0.03) of PGD and CYB5R3.
Three mitochondrial proteins involved in aerobic metabolism, NADH
dehydrogenase [ubiquinone] 1 beta subcomplex subunit 11 (NDUFB11), cytochrome c
oxidase subunit 5A (COX5A), and isocitrate dehydrogenase [NAD] subunit beta (IDH3B),
were differentially expressed (Table 2). At 384 h postmortem, VT steaks had greater
COX5A abundance (P = 0.0004) in comparison to their 0 h counterparts, and the same
effect (P = 0.001) was observed for NDUFB11 in the IT samples. When the two steak
categories were compared at 384 h postmortem, IDH3B was greater (P = 0.001) in the VT
samples.
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Six proteins involved in fatty acid metabolism were identified to be differentially
abundant between the two aging periods (Table 2). Fatty acid-binding protein 4 (FABP4)
and perilipin 4 (PLIN4) were more abundant (P ≤ 0.02) in the VT steaks at 0 h compared
to their 384 h aged counterparts. Similarly, more abundance (P ≤ 0.003) of fatty acid
synthase (FASN) and PLIN4 was observed at 0 h in the IT steaks. Conversely, lower
abundance (P ≤ 0.01) of fatty acid-binding protein 3 (FABP3), medium-chain specific acylCoA dehydrogenase (ACADM), and carbonyl reductase family member 4 (CBR4) was
detected in the IT samples after aging.
5.3.3. Extracellular matrix and platelet activation proteins
IT steaks at 0 h postmortem possessed greater expression (P = 0.01) of two
extracellular matrix proteins, collagen alpha-1 (I) chain (COL1A1) and collagen alpha-2
(I) chain (COL1A2), than VT steaks (Table 3). Aging for 384 h lowered the abundance (P
≤ 0.04) of the extracellular matrix proteins COL1A1, COL1A2, and collagen alpha-1 (III)
(COL3A1), lumican (LUM), and prolargin (PRELP) in the VT steaks. A similar effect was
also observed in the IT steaks, in which abundance of COL1A1, COL1A2, COL3A1,
decorin (DCN), fibromodulin (FMOD), and PRELP decreased (P ≤ 0.02) following aging.
Platelet activation proteins, fibrinogen alpha chain (FGA), fibrinogen beta chain
(FGB), and fibrinogen gamma-B chain (FGG), were all greater (P ≤ 0.008) in the IT steaks
compared to VT at 0 h postmortem (Table 3). A decrease in the abundance (P ≤ 0.0004) of
FGB and FGG in the IT steaks was observed after 384 h of aging.
5.3.5. Proteins involved in other functions
Proteins involved in seven other biological functions were also found differentially
abundant in the present study (Table 4). The abundance of two adrenergic signaling
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proteins, protein phosphatase 1 regulatory inhibitor subunit 1A (PPP1R1A) and protein
phosphatase inhibitor 2 (PPP1R2), were observed to be decreased (P ≤ 0.004) following
aging in both steak categories. At 0 h postmortem, VT steaks possessed greater level (P =
0.0007) of transferrin receptor protein 1 (TFRC; a mineral transport protein) than IT steaks.
A decrease in the abundance (P = 0.04) of copper transport protein (ATOX1) in the VT
steaks was observed after aging. Greater expression (P = 0.0005) of carbonic anhydrase 3
(CA3), a protein involved in acid-base balance, was detected at 0 h postmortem in the VT
steaks compared to the IT steaks. At 384 h postmortem, a chaperonin protein, heat shock
protein beta-7 (HSPB7), was more abundant (P = 0.006) in the IT steaks than their VT
counterparts. Aging for 384 h lowered the abundance (P ≤ 0.02) of the cochaperonin
protein alanyl-tRNA editing protein Aarsd1 (AARSD1) and the ubiquitination protein
NEDD8-conjugating enzyme Ubc12 (UBE2M) in the VT and IT steaks, respectively. Two
apoptosis-related proteins were found to be differentially expressed in this study. Greater
expression (P = 0.007) of glutathione S-transferase mu 1 (GSTM4) was observed in the
VT steaks than IT steaks at 0 h postmortem. At 384 h postmortem, an increase in the
abundance (P = 0.001) of glioblastoma amplified sequence (GBAS) was detected in the
VT steaks.

5.4. Discussion
5.4.1. Proteins involved in muscle contraction and calcium signaling
In the present study, greater abundance of MYL6B and ACTA1 was detected in the VT
steaks at 0 h postmortem compared to their IT counterparts (Table 1). However, this
difference was abolished after aging, suggesting greater degradation of these two proteins
in the VT steaks. MYL6B plays structural and functional roles within the sarcomere by
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supporting the neck region of myosin and modulating the interaction between myosin head
and actin, respectively (Franco et al., 2015). Degradation of MYL6B and ACTA1
compromise stability of the actomyosin cross-bridges (Huang et al., 2020), thereby leading
to the loss of meat structural integrity and enhancement of tenderness (Wang et al., 2013;
Malheiros et al., 2019). Malheiros et al. (2019) reported increased oxidative damage of
MYL6B and ACTA1 during aging in tender beef steaks compared to tough steaks. These
authors suggested that increased susceptibility for oxidative damage may improve the
potential for postmortem proteolysis, which may explain the greater degradation of
MYL6B and ACTA1 in the VT steaks. Using the same samples used in the current study,
we previous observed that the VT steaks encountered greater proteolysis following aging
than the IT steaks (Dang et al., 2020).
Aging for 384 h lowered the abundance of several structural and contractile proteins
in both the IT and VT steaks (Table 1). This includes the intermediate filament protein
VIM and the structural assembly-related proteins TCAP, MYOZ3, PDLIM7. The reduction
in the abundance of these proteins after aging is likely due to postmortem proteolysis. VIM
is an intermediate filament that exists at the periphery of the Z-line and closely interacts
with cytoskeletal proteins (Baykal et al., 2018). TCAP is a sarcomeric protein that plays a
crucial role in muscle assembly by anchoring titin to the Z-line (Lee et al., 2006). Both
VIM and TCAP are substrates for calpain-1 (Nelson and Traub, 1983; Lian et al., 2013)
and, as such, their postmortem proteolysis may contribute to meat tenderization. Similarly,
MYOZ3 and PDLIM7 are also sarcomeric proteins that are associated with Z-line assembly
(Kim et al., 2019; Zhu et al., 2021b). Boudon et al. (2020) observed a negative association
between the expression of MYOZ3 and tenderness of bovine longissimus steaks. Others
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have also found similar association between meat tenderness and the abundance of
PDLIM7 (Gagaoua et al., 2020a; Zhu et al., 2021b). Therefore, postmortem degradation of
MYOZ3 and PDLIM7 may contribute to meat tenderization.
On the other hand, MYH7, MYL6B, FHL1, CSRP3, and CASQ2 were more
abundant in the IT steaks at 384 h than 0 h postmortem. A decrease in total muscle
proteome is usually observed during postmortem aging of meat (Della Malva et al., 2022).
Because protein abundance is expressed relative to the total proteome when using a gelfree proteomic approach, the increase in the abundance of the aforementioned proteins is
likely due to a decrease in total proteome variance in the IT samples. On the other hand, a
decrease in protein relative abundance indicates a faster rate of degradation relative to the
total proteome. Although degradation of myosin is not thought to occur in postmortem
muscle (Bandman and Zdanis, 1988; Koohmaraie, 1994), several studies within the last
decade have indicated that myosin is prone to degradation during aging (Laville et al.,
2009; Anderson et al., 2012; Fu et al., 2020). It was proposed by Fu et al. (2020) that
myosin oxidation by reactive oxygen species (ROS) during meat aging enhances its
susceptibility to proteolysis. Myosin heavy chain 1 (MyHC-1; encoded by the MYH7 gene)
is a contractile protein that is found in type I muscle fibers (slow-twitch oxidative fibers).
Guillemin et al. (2011) observed a negative relationship between the abundance of MyHCI and tenderness of beef longissimus steaks at 14 d postmortem. Similarly, from our
previous study that utilized the same steaks used in this study, greater abundance of MyHCI was observed in the IT steaks (Dang et al., 2020). FHL1 is localized at the Z-line of
myofibers, and its degradation during aging weakens the Z-line and enhances meat
tenderness (Picard et al., 2019). Greater abundance of this protein in the IT steaks following
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aging suggests better intactness of muscle contractile elements. Indeed, a positive
association between FHL1 and beef toughness following aging has been previously
reported (Laville et al., 2009). CSRP3, also known as muscle LIM protein, primarily assists
in the development of muscle architecture during animal growth and development (Rashid
et al., 2015), and has been used as a biomarker of meat toughness (Bernard et al., 2007;
Zapata et al., 2009; Boudon et al., 2020). CASQ2 is a calcium binding protein that is part
of the sarcoplasmic reticulum calcium regulatory proteins (Purslow et al., 2021). There are
two isoforms of CASQ2 in skeletal muscle, calsequestrin-1 and -2. Notably, CASQ2 has
been shown to be more abundant in slow-oxidative muscle fibers (Beard et al., 2004;
D’Adamo et al., 2016). In addition, it was postulated that greater expression of CASQ2
decreases cytosolic calcium levels in postmortem muscle; hence, reducing the activity of
calpain-1 and ultimately the extent of postmortem proteolysis (Marrocco et al., 2011).
Overall, these data suggest greater intactness of muscle contractile elements in the IT steaks
(Morzel et al., 2004), which likely contributed to the differences in tenderness between the
two steaks categories.
Greater abundance of CSRP3 and TAGLN was seen in the IT steaks compared to
their VT counterparts at 384 h postmortem (Table 1). In agreement with this, Zapata et al.
(2009) found a positive association between the abundance of CSRP3 and WBSF values
in 14 d aged beef steaks. TAGLN is an actin binding protein that is a member of the
calponin family of proteins (Lawson et al., 1997). TAGLN increases filament rigidity and
protects against weakening of the cytoskeletal structure (Assinder et al., 2009). Hence, a
greater abundance of TAGLN in aged meat may indicate limited proteolysis. Yet, to the
best of knowledge no previous studies have evaluated the relationship between the
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abundance of TAGLN and tenderness of meat.
At 0 h postmortem, IT steaks had greater expression of ANXA2 than VT steaks
(Table 1). Annexins are a family of proteins that are expressed in all eukaryotic cells and
participate in a variety of cellular processes (Gerke and Moss, 2002). It has been proposed
that annexins play a role in buffering the intracellular calcium and possess anti-apoptotic
capabilities (Ouali et al., 2013; Longo et al., 2015), which may potentially hinder the
activation of the calpain and caspase proteolytic systems (Picard and Gagaoua, 2017).
Hence, increased relative abundance of ANXA2 in the IT steaks may have contributed to
limited degradation of myofibrillar proteins in this category compared to the total proteome
(Table 1).
A decrease in S100A4 abundance was observed in the VT steaks during aging
(Table 1), indicating a faster rate of degradation relative to the total proteome. Similarly,
the abundance of CDH13, ANXA2, and S100A2 decreased after 384 h of aging in the IT
steaks. Protein S100A2 and S100A4 are calcium binding proteins that are involved in the
regulation of muscle contraction and organization of the cytoskeleton (Barraclough, 1998;
Zhai et al., 2020). CDH13 is responsible for selective cell recognition and adhesion in
skeletal muscle (Redfield et al., 1997; Roman-Gomez et al., 2003). To our knowledge, no
previous reports have associated the abundance of S100A2, S100A4, and CDH13 with
meat tenderness. Thus, additional work is warranted if we are to confidently exploit their
involvement in the development of meat tenderness during aging.
5.4.2. Proteins related to predominant metabolism in skeletal muscle
Skeletal muscles are comprised of different proportions of functionally diverse muscle
fibers that are classified based on contractile force/speed and predominant metabolism
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(Brooke and Kaiser, 1970; Schiaffino et al., 1989). Previous studies revealed three different
fiber types in adult bovine skeletal muscle: type I, IIA, and IIX (Kim et al., 2017). Type I
fibers are classified as having greater oxidative capacity compared to their glycolytic
counterparts, Type IIX fibers (McGilchrist et al., 2016). Type IIA fibers are oxidativeglycolytic and possess intermediate properties between type I and IIX (Joo et al., 2017).
MPI and LDHB are two enzymes involved in carbohydrate metabolism and
intimately associated with glycolysis. These enzymes were found to be more abundant in
the VT steaks at 0 h postmortem in comparison to the IT steak (Table 2), whereas
differences in oxidative enzymes were not detected between the two categories. MPI is
responsible for the conversion of mannose 6-phosphate to fructose 6-phosphate, which is
an intermediate metabolite for glycolysis. LDH subunit B is one of two subunits that make
up the tetrameric structure of LDH. This glycolytic enzyme catalyzes the reduction of
pyruvate into lactate (Melkonian and Schury, 2019). Various conclusions have been made
regarding the use of glycolytic enzymes as biomarkers of meat tenderness. Several
proteomic studies have suggested that greater expression of glycolytic proteins is positively
associated with beef tenderness (Silva et al., 2019; López-Pedrouso et al., 2021), while
others have shown a negative correlation (Zapata et al., 2009; Picard et al., 2018). In
general, however, greater expression of proteins related to glycolysis is associated with
more tender meat (Gagaoua et al., 2020a). Glycolytic muscle fibers exhibit a faster rate of
ATP depletion in comparison to oxidative fibers (Matarneh et al., 2017). The sarcoplasmic
reticulum calcium pump, the enzyme responsible for sequestering cytosolic calcium into
the sarcoplasmic reticulum, requires ATP to function. Hence, a faster rate of ATP depletion
would, in turn, accelerate the increase in cytosolic calcium levels and thereby calpain-1
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activation (Rhee and Kim, 2001). Additionally, calpastatin, the endogenous inhibitor of
calpain-1, is generally less abundant in glycolytic muscle (Ouali and Talmant, 1990; Choi
and Kim, 2009), which increases calpain-1 proteolytic activity. These results correspond
to what we previously reported (Dang et al., 2020), in which VT steaks had greater
glycolytic potential and postmortem proteolysis than the IT steaks.
The abundance of several proteins (TKT, FABP4, and PLIN4) involved with
carbohydrate and fatty acid metabolism decreased due to aging in the VT steaks, while
COX5A increased (Table 2). In the IT steaks, a lower abundance of PGD, CYB5R3, FASN,
and PLIN4 was observed after aging. On the other hand, a greater abundance of NDUFB11,
FABP3, ACADM, and CBR4 was detected following aging. As we described above, the
increase in the abundance of proteins involved in energy metabolism during aging is likely
due to the decrease in total muscle proteome, while the decrease in the abundance is a
function of postmortem proteolysis. Nonetheless, the breakdown of these non-myofibrillar
proteins may not contribute to postmortem meat tenderization, as tenderization is typically
attributed to the degradation of myofibrillar proteins. Regardless, these proteins might be
viewed as indicators of the extent of postmortem proteolysis.
5.4.3. Extracellular matrix and platelet activation proteins
COL1A1 and COL1A2 are involved with extracellular matrix organization, together they
assemble to form the triple helix structure of type I collagen (Henriksen and Karsdal, 2016;
Liu et al., 2016). Increased expression of these two proteins in the IT steaks at 0 h
postmortem (Table 3) suggests that the difference in tenderness between the two categories
is, in part, due to a greater proportion of connective tissue content. Using a proteomic
approach, Bjarnadottir et al. (2012) observed a negative association between COL1A1 and

122
COL1A2 and beef tenderness, which corresponds to results of the current study. The
decrease in the abundance of several extracellular matrix proteins in both tenderness
categories following aging (Table 3) is probably due to presence of metalloproteinases in
the extracellular matrix. Metalloproteinases are a family of zinc-dependent endopeptidases
that are involved in skeletal muscle tissue remodeling and repair (Nagase and Woessner,
1999). While some studies have suggested the involvement of metalloproteinases in
postmortem tenderization (Sylvestre et al., 2002; Purslow et al., 2012), their exact role has
not been thoroughly explored.
Fibrinogen complex proteins (FGA, FGB, and FGG) were expressed at a greater
level in the IT than the VT steaks at 0 h postmortem (Table 3). A reduction in the abundance
of FGB and FGG was observed in the IT samples following aging in comparison to their
non-aged counterparts. Fibrinogen is a vascular extracellular matrix protein that function
as a clotting and adhesive agent (Mosesson, 2005). While the influence of fibrinogen on
beef tenderness is poorly understood, bovine fibrinogen has 3 high-affinity and several
low-affinity calcium binding sites (Marguerie et al., 1977), which may limit the increase
in cytosolic calcium concentration and subsequently calpain-1 activity. Gagaoua et al.
(2020b) indicted that fibrinogen complex proteins are degraded during the postmortem
period, and might be used as indicators of the extent of postmortem proteolysis.
5.4.4. Proteins involved in other biological functions
There are two apoptotic pathways through which apoptosis is initiated: the death receptor
(extrinsic) pathway and the mitochondrial (intrinsic) pathway. While these two signaling
pathways are interconnected (Igney and Krammer, 2002), the mitochondrial apoptotic
pathway has been regarded as the main apoptotic pathway involved in the conversion of
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muscle to meat (Huang et al., 2016). Unfavorable conditions in postmortem muscles trigger
mitochondrial dysfunction (Arnoult et al., 2005), which eventually leads to the activation
of the apoptotic caspases (Denecker et al., 2000). While activation of the caspase system,
specifically caspase-3, has been associated with improvement in meat tenderness (Chen et
al., 2015; Dang et al., 2021), greater abundance of anti-apoptotic proteins such as heat
shock proteins (HSP) is usually associated with less tender meat (Balan et al., 2014;
Lomiwes et al., 2014; Ma and Kim, 2020).
GSTM4 is part of a family of detoxification enzymes involved in the quenching of
ROS in skeletal muscle (Samanta et al., 2014). A greater expression of GSTM4 was
detected in the VT steaks than IT steaks at 0 h postmortem (Table 4). Increased expression
of GSTM4 is an indication of a muscle cell inability to maintain reducing conditions (i.e.,
increased levels of ROS) (Poleti et al., 2018). On the other hand, excess ROS in the cellular
system has been associated with greater activity of the apoptotic protease caspase-3 and
improved beef tenderness (Dang et al., 2021). Zhu et al. (2021c) indicated that tenderness
and juiciness of beef steaks are positively correlated with the expression of GSTM4. Thus,
apoptotic mediated proteolysis could be another contributor to the increased tenderness of
the VT steaks.
Due to their anti-apoptotic properties, HSPs have been proposed as potential
determinants of the extent of postmortem proteolysis (Carvalho et al., 2014; Lomiwes et
al., 2014; Thornton et al., 2017; Briggs et al., 2021). HSPs operate as molecular chaperones
in muscle cells and play a role in stress resistance (Ozawa et al., 2000). Under postmortem
conditions, the state of anoxia and oxidative stress trigger HSPs to mitigate the degradation
of myofibrillar proteins by endogenous proteases (Lomiwes et al., 2014). In the present
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study, HSPB7, a member of the small heat shock protein (sHSP) family, was more
abundant in the IT steaks than VT steaks at 384 h postmortem (Table 4). It has been
suggested that HSPB7 role in muscle is to maintain myofiber structure and integrity during
periods of oxidative stress. Furthermore, several studies have shown a negative relationship
between sHSP and meat tenderness in beef (Kim et al., 2008; D'Alessandro et al., 2012a;
Picard et al., 2014).
CA3 is an enzyme that catalyzes the reversible conversion of carbon dioxide to
bicarbonate in the muscle (Malheiros et al., 2019), and has been utilized as a predictor of
meat tenderness (Schilling et al., 2017). In this study, greater expression of CA3 was
observed in the VT steaks than the IT steaks at 0 h postmortem (Table 4). Similarly,
D'Alessandro et al. (2012a) reported greater expression of CA3 in more tender beef steaks
compared to tougher steaks.
Greater expression of TFRC was detected in the VT steaks at 0 h postmortem. A
decrease in the abundance of adrenergic signaling (PPP1R1A and PPP1R2), mineral
transport (ATOX1), cochaperonin (AARSD1), and apoptosis (GBAS) related proteins was
observed in the VT steaks following aging. Similarly, a decrease in abundance of
PPP1R1A, PPP1R2, and UBE2M occurred in the IT steaks after aging. However, the
involvements of these proteins in the development of meat tenderness need further
investigation.

5.5. Conclusion
The findings presented in this study indicate differences in protein profiles between the VT
and IT steaks. In general, a lower abundance of muscle contractile proteins was observed
in the VT steaks compared to the IT steaks after aging, postulating that more proteolysis
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occurred in the VT steaks. In conjunction with this, greater abundance of chaperonin and
calcium binding proteins was observed in the IT steaks which, in turn, could have limited
proteolysis by calpains and other endogenous proteases. Furthermore, greater abundance
of connective tissue proteins was observed in the IT steaks, which is important to note
considering that connective tissue content and solubility are associated with lower meat
tenderness. Collectively, these results improve our understanding of the factors controlling
meat tenderness and tenderness development during aging. Further investigation is
warranted to gain insight into potential protein biomarkers related to improving meat
tenderness.
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Biological process

Muscle contraction
Transgelin
Myosin heavy chain I
Myosin regulatory light chain 2
Myosin light chain 3
Myosin light chain 6B
Actin, alpha skeletal muscle
Synaptopodin 2 like
Telethonin
Myozenin 3
Vimentin
PDZ and LIM domain protein 7
Four and a half LIM domains 1
Cysteine and glycine-rich
protein 3
Calsequestrin
Calcium signaling
Cadherin-13
Annexin A2
Protein S100-A2
Protein S100-A4

Gene name

TAGLN
MYH7
MYL2
MYL3
MYL6B
ACTA1
SYNPO2L
TCAP
MYOZ3
VIM
PDLIM7
FHL1

Log2
Fold
Change
(IT vs.
VT) at 0
h

Log2
Fold
Change
(VT 384
h vs. VT
0 h)

Log2
Fold
Change
(IT 384 h
vs. IT 0
h)

Log2
Fold
Change
(IT vs.
VT) at
384 h
0.27**

0.28***
*

-0.58
0.29***
-0.28***
-0.47**

0.51***
-0.28***
-0.44**
-0.42***
-0.29***
-0.28***

-0.37*
-0.37***
-0.45***
-0.33***
0.29***

CSRP3

0.3***

CASQ2

0.27***

CDH13
ANXA2
S100A2
S100A4

-0.35***
-0.42***
-0.63***

0.28***

0.41**

-0.3*

Level of significance: * p < 0.05, ** p < 0.01, *** p < 0.001

Table 5-1. Differentially abundant proteins involved in muscle contraction and calcium
signaling between intermediate tender (IT) and very tender (VT) beef steaks at 0 and 384
h postmortem. Data are presented as Log2 fold change.
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Biological process

Carbohydrate metabolism
L-lactate dehydrogenase B chain
Mannose-6-phosphate isomerase
6-phosphogluconate dehydrogenase,
decarboxylating
Transketolase
NADH-cytochrome b5 reductase 3
TCA cycle and oxidative
phosphorylation
NADH dehydrogenase [ubiquinone] 1
beta subcomplex subunit 11,
mitochondrial
Cytochrome c oxidase subunit 5A,
mitochondrial
Isocitrate dehydrogenase [NAD]
subunit beta, mitochondrial
Fatty acid metabolism
Fatty acid synthase
Fatty acid-binding protein, heart
Fatty acid-binding protein, adipocyte
Medium-chain specific acyl-CoA
dehydrogenase, mitochondrial
Carbonyl reductase family member 4
Perilipin 4

Gene
name

Log2
Fold
Change
(IT vs.
VT) at 0
h

LDHB
MPI

-0.3***
-0.27*

Log2
Fold
Change
(VT 384
h vs. VT
0 h)

-0.38***
-0.31***

NDUF
B11
COX5
A

0.28**
0.28***
-0.3**

IDH3B

FASN
FABP3
FABP4
ACAD
M
CBR4
PLIN4

Log2
Fold
Change
(IT vs.
VT) at
384 h

-0.43*

PGD
TKT
CYB5
R3

Log2
Fold
Change
(IT 384 h
vs. IT 0
h)

-0.44**
0.29**
-0.33*
0.31***
-0.45***

0.28*
-0.4***

Level of significance: * p < 0.05, ** p < 0.01, *** p < 0.001

Table 5-2. Differentially abundant proteins involved in carbohydrate, aerobic, and fatty
acid metabolism between intermediate tender (IT) and very tender (VT) beef steaks at 0
and 384 h postmortem. Data are presented as Log2 fold change.
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Log2
Fold
Change
(IT vs.
VT) at 0
h

Log2
Fold
Change
(VT 384
h vs. VT
0 h)

Log2
Fold
Change
(IT 384
h vs. IT
0 h)

-0.42***
-0.29***
-0.49*

-0.51***
-0.55***
-0.45**
-0.32***
-0.46*

Biological process

Gene name

Extracellular matrix organization
Collagen alpha-1(I) chain
Collagen alpha-2(I) chain
Collagen alpha-1(III) chain
Decorin
Fibromodulin
Lumican
Prolargin

COL1A1
COL1A2
COL3A1
DCN
FMOD
LUM
PRELP

0.27*
0.35*

FGA
FGB
FGG

0.31***
0.33***
0.37**

Platelet activation
Fibrinogen alpha chain
Fibrinogen beta chain
Fibrinogen gamma-B chain

-0.32**
-0.27***

Log2
Fold
Change
(IT vs.
VT) at
384 h

-0.3***

-0.27***
-0.57***

Level of significance: * p < 0.05, ** p < 0.01, *** p < 0.001

Table 5-3. Differentially abundant proteins involved in extracellular matrix organization
and platelet activation between intermediate tender (IT) and very tender (VT) beef steaks
at 0 and 384 h postmortem. Data are presented as Log2 fold change.
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Biological process

Adrenergic signaling
Protein phosphatase 1
regulatory inhibitor subunit 1A
Protein phosphatase inhibitor 2
Mineral transport
Copper transport protein
ATOX1
Transferrin receptor protein 1
Acid-base balance
Carbonic anhydrase 3
Chaperonin
Heat shock protein beta-7
Cochaperonin
Alanyl-tRNA editing protein
Aarsd1
Ubiquitination
NEDD8-conjugating enzyme
Ubc12
Apoptosis related factors
Glioblastoma amplified
sequence
Glutathione S-transferase mu 1

Log2
Fold
Change
(VT 384
h vs. VT
0 h)

Log2
Fold
Change
(IT 384 h
vs. IT 0
h)

PPP1R1A

-0.44***

-0.47***

PPP1R2

-0.9**

-0.55**

ATOX1

-0.28*

Gene
name

Log2
Fold
Change
(IT vs.
VT) at 0
h

TFRC

-0.32***

CA3

-0.27***
0.35**

HSPB7
-0.42*

AARSD1

-0.52*

UBE2M

0.29**

GBAS
GSTM4

Log2
Fold
Change
(IT vs.
VT) at
384 h

-0.32**

Level of significance: * p < 0.05, ** p < 0.01, *** p < 0.001

Table 5-4. Differentially abundant proteins associated with several other biological
functions between intermediate tender (IT) and very tender (VT) beef steaks at 0 and 384
h postmortem. Data are presented as Log2 fold change.
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CHAPTER VI
ULTRASONICATION OF BEEF IMPROVES CALPAIN-1 AUTOLYSIS AND
CASPASE-3 ACTIVITY BY ELEVATING CYTOSOLIC CALCIUM AND
INDUCING MITOCHONDRIAL DYSFUNCTION
*Reprinted with permission from Meat Science. Dang, D. S., Stafford, C. D., Taylor,
M. J., Buhler, J. F., Thornton, K. J., & Matarneh, S. K. (2022). Ultrasonication of beef
improves calpain-1 autolysis and caspase-3 activity by elevating cytosolic calcium and
inducing mitochondrial dysfunction. Meat Science, 183, 108646.

Abstract
The objective of this study was to investigate if ultrasonication of bovine
longissimus thoracis et lumborum (LTL) steaks increases calpain-1 and caspase-3
activities, and if so, to explore the underlying mechanisms that trigger their activation.
Post-rigor bovine LTL steaks were subjected to ultrasonication at 40 kHz and 12 W/cm2
for 40 min and subsequently aged for 14 d at 4 °C. Ultrasonication improved beef
tenderness (P < 0.05) without negatively impacting pH, color, or cook loss (P > 0.05).
Improved tenderness in the ultrasonicated steaks was associated with greater degradation
of titin, desmin, troponin-T, and calpastatin and increased calpain-1 autolysis and caspase3 activity (P < 0.05). In addition, ultrasonicated steaks had greater levels of cytosolic
calcium and reactive oxygen species and lower mitochondrial oxygen consumption rate (P
< 0.05). These data indicate that improved beef tenderness following ultrasonication is, in
part, a function of increased calpain-1 and caspase-3 activities, potentially by elevating
cytosolic calcium and inducing mitochondrial dysfunction, respectively.
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6.1. Introduction
Tenderness is considered one of the most desirable eating qualities of beef. Indeed,
it has been demonstrated that consumers are willing to pay a premium for guaranteed tender
beef (Troy & Kerry, 2010). Thus, the beef industry has made it a goal to improve the
consistency of beef tenderness. However, the various intrinsic and extrinsic factors that can
influence end-product tenderness pose a challenge for the industry in achieving this goal
(Raza et al., 2020). To combat this challenge, the beef industry is constantly seeking new
technologies to improve the uniformity of product tenderness (Bekhit, Carne, Ha, &
Franks, 2014).
Ultrasonication is an innovative technology that offers an effective method of
improving meat tenderness without negatively affecting other quality traits (Alarcon-Rojo,
Carrillo-Lopez, Reyes-Villagrana, Huerta-Jiménez, & Garcia-Galicia, 2019). Ultrasound
is defined as sound waves of a frequency at or above 20 kHz, which cannot be detected by
human ears. When ultrasonic waves travel through a liquid medium, a series of
compression and expansion waves are generated, leading to the formation of small
cavitation bubbles (acoustic cavitation). These bubbles continue to enlarge with subsequent
ultrasound cycles and eventually implode, creating tremendous heat and pressure (shock
waves) (Suslick & Flannigan, 2008). If the shock waves travel through a biological material
submerged within the medium, ultrasound damage is produced.
Ultrasound at low frequency (20–100 kHz) and high intensity (> 10 W/cm2), also
known as power ultrasound, is capable of disrupting meat on both a macro and micro scale
(Alarcon-Rojo et al., 2019). For instance, ultrasonication was shown to enhance
fragmentation of the skeletal muscle Z-line (Stadnik, Dolatowski, & Baranowska, 2008) as
well as disrupt cellular organelles, such as the sarcoplasmic reticulum and mitochondria
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(Alliger, 1975; Lyng, Allen, & McKenna, 1997). In fresh meat products, such an effect is
generally considered favorable because it has the potential to improve product tenderness.
Beef steaks subjected to power ultrasonication showed an enhancement in tenderness
without impairing meat color or water holding capacity (Peña-Gonzalez, Alarcon-Rojo,
Garcia-Galicia, Carrillo-Lopez, & Huerta-Jimenez, 2019). Similarly, Chang, Xu, Zhou, Li,
and Huang (2012) reported enhanced collagen solubility and textural properties of beef
semitendinosus muscle following power ultrasound treatment. Wang et al. (2018) proposed
that power ultrasonication enhances meat tenderness by physically disrupting the
myofibrillar structure and stimulating postmortem proteolysis.
Tenderization through postmortem proteolysis involves the enzymatic degradation
of key myofibrillar proteins in skeletal muscle. The calcium-dependent protease, calpain1, has been widely regarded as the main contributor to meat tenderization during aging
(Geesink, Kuchay, Chishti, & Koohmaraie, 2006; Geesink, Taylor, & Koohmaraie, 2005).
When cellular calcium concentration reaches a certain threshold, calpain-1 undergoes
autolysis, which allows it to degrade several myofibrillar proteins (Bhat, Morton, Mason,
& Bekhit, 2018). This, in turn, weakens the myofibrillar structural integrity, thereby
enhancing tenderness (Huff-Lonergan et al., 1996). Yet, calpain-1 is not the sole
protease active postmortem (Kemp, Sensky, Bardsley, Buttery, & Parr, 2010). Recent
reports demonstrate that multiple caspases of the apoptotic pathway remain active
postmortem and can play a role in meat tenderization (Chen et al., 2011; Laville et al.,
2009; Wang, Han, Ma, Yu, & Zhao, 2017). Apoptosis can be executed via two main
signaling pathways: the death receptor (extrinsic) pathway and mitochondrial (intrinsic)
pathway. While the two apoptotic pathways are partially linked (Igney & Krammer, 2002),
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a study by Huang et al. (2016) showed that the mitochondrial pathway, involving caspase3 activation, is the main apoptotic pathway active postmortem. This pathway is triggered
by the release of cytochrome c to the cytosol following mitochondrial dysfunction (Green
& Reed, 1998).
Previous studies have shown greater caspase-3 activity in poultry muscle samples
following ultrasonication (Chen et al., 2015; Xiong, Zhang, Zhang, & Wu, 2012).
Similarly, an increase in calpain-1 autolysis was observed in beef semitendinosus that was
subjected to ultrasonication (Wang et al., 2018). To the best of our knowledge, however,
no previous research has examined the contribution of these two proteolytic systems to
postmortem proteolysis in ultrasonicated bovine longissimus thoracis et lumborum (LTL)
muscle. Therefore, the purpose of this research was to evaluate if ultrasonication of bovine
LTL steaks increases calpain-1 and caspase-3 activities, and if so, to investigate the
underlying mechanisms that trigger their activation.

6.2. Materials and methods
6.2.1. Meat sampling and treatment
All cattle used in this study were raised under the same feeding and management
conditions at the Utah State University South Farm. Eight steers (~ 24 months old, 470 ±
11.3 kg live weight) of similar genetic background were harvested at the Utah State
University Animal Harvest Facility using standard commercial procedures and in
accordance with the United States Department of Agriculture inspection guidelines. At 24
h postmortem, the LTL muscle was excised from one side of all carcasses and immediately
fabricated into eight 2.5-cm-thick steaks (8 animals × 8 steaks = 64 steaks). Steaks were
packaged in polyethylene bags (17.7 × 18.8 cm; 0.08 mm thick; SC Johnson and Son Inc.,
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Racine, WI, USA) and randomly subjected to either power ultrasonication (40 kHz and 12
W/cm2 for 40 min at 4 °C; treatment) using a Branson CPX8800 ultrasonic bath (Emerson
Electric Co., St. Louis, MO) or no ultrasonication (placed in a water bath for 40 min at 4
°C; control). These parameters were chosen based on a previous study by Peña-Gonzalez
et al. (2019). Immediately after treatment, one steak from each treatment (control and
ultrasonication) was used (0 h post-treatment; n = 8), while the remaining steaks were
vacuum packaged and stored at 4 °C for 24 h, 168 h, or 336 h. At the end of each storage
period, steaks were removed from their packages and color was evaluated. Afterward, each
steak was divided into two portions. One portion was used for mitochondria isolation and
Warner-Bratzler shear force (WBSF) and cook loss determination, while the other portion
was immediately snap-frozen in liquid nitrogen and stored at −80 °C for further analysis.
6.2.2. Color analysis
Surface meat color was measured using a Konica Minolta chromameter (CR-400,
Konica Minolta Sensing Inc., Osaka, Japan) with illuminant D65, 2º observer angle, and 8
mm aperture diameter. A white calibration plate provided by the manufacturer was used to
calibrate the instrument prior to each use. At each time point, steaks were removed from
their packages and allowed to bloom for 20 min at room temperature before measurements
were collected over five different locations. Obtained values were averaged and expressed
in terms of Commission Internationale de l’Éclairage (CIE) L* (lightness), a* (redness),
and b* (yellowness).
6.2.3. pH determination
Meat pH was determined using the method described by Bendall (1973). In brief,
frozen meat samples were powdered under liquid nitrogen and then homogenized at 1:8
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(w/v) in ice-cold buffer (5 mM iodoacetic acid and 150 mM KCl, pH 7.0) using a beadbeating homogenizer (TissueLyser LT, Qiagen, Hilden, Germany). Meat homogenates
were then centrifuged at 17,000 ×g for 5 min at room temperature and allowed to
equilibrate to 25 °C before being measured using an Orion Ross Ultra pH electrode coupled
to an Orion Star A214 pH/ISE benchtop meter. The pH electrode was calibrated daily at
room temperature using Orion pH 4, 7, and 10 buffer solutions (Thermo Scientific,
Pittsburgh, PA, USA).
6.2.4. Warner-Bratzler shear force and cook loss analyses
Beef tenderness was evaluated using a WBSF (V-notch) attachment connected to
TMS-Pro Texture Analyzer (Food Technology Co., Sterling, VA, USA). The procedure
was in accordance with the American Meat Science Association Sensory Guidelines (Belk
et al., 2015). Briefly, steaks were weighed and then cooked to an internal temperature of
71 °C on a clamshell grill. Then, samples were equilibrated to room temperature, blotted
dry, re-weighed, and stored overnight in a refrigerator at 4 °C. Cook loss was calculated as
a percentage of moisture loss from the initial weight of the steak. The next day, steaks were
removed from the refrigerator before five cylindrical cores (1.27-cm in diameter) were
removed from each steak parallel to the muscle fiber orientation. Cores were subsequently
sheared perpendicular to the longitudinal orientation of the muscle fibers. Shear force was
determined as the average maximum force, measured in Newton (N), of the five cores from
each steak.
6.2.5. Sample extraction for protein abundance analyses
For analysis of desmin, troponin-T, and titin degradation, frozen meat samples
collected at 0, 24, 168, 336 h post-treatment were homogenized at 100 mg/ml in a
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solubilization buffer containing 8 M urea, 2 M thiourea, 3% (w/v) SDS, 75 mM
dithiothreitol, and 50 mM Tris-HCl (pH 6.8) using a bead-beating homogenizer (Warren,
Krzesinski, & Greaser, 2003). Tissue homogenates were then heated at 60 °C for 10 min,
centrifuged at 10,000 ×g at room temperature for 10 min, and supernatants were
transferred to new tubes. Protein concentration was determined using the RC DC protein
assay kit (BioRad Laboratories, Hercules, CA, USA). Samples were diluted to equal
protein concentrations with the same solubilization buffer supplemented with 0.05% (w/v)
bromophenol blue and stored at −80 °C until loaded in gels.
Extraction of calpain-1 and calpastatin was conducted according to the procedure
of Ramos et al. (2020). Briefly, frozen meat samples were homogenized at 1:10 ratio in a
buffer containing 100 mM Tris-base (pH 8.3), 10 mM EDTA, 10% glycerol (v/v), 0.1% 2mercaptoethanol (v/v), and 2% of protease cocktail inhibitor (v/v; P8340, Millipore Sigma,
St. Louis, MO, USA). Samples were then incubated on ice for 20 min and subsequently
centrifuged at 20,000 ×g for 20 min at 4 °C. Supernatants were collected and protein
concentration was determined using the Pierce BCA protein assay kit according to the
manufacturer's directions (Thermo Scientific, Rockford, IL, USA). Samples were diluted
to equal protein concentrations with 5× Laemmli buffer (final concentration: 40 mM Trisbase, 100 mM dithiothreitol, 2% SDS [w/v], 0.05% bromophenol blue [w/v], and 2%
glycerol [v/v]). Samples were heated at 60 °C for 10 min, equilibrated to room temperature,
and stored at −80 °C until loaded in gels.
6.2.6. SDS-PAGE and immunoblotting
Calpain-1 autolysis, calpastatin abundance, and the extent of desmin and troponinT degradation were determined with SDS-PAGE followed by immunoblotting as
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previously described by Dang, Buhler, Thornton, Legako, & Matarneh (2020a). Before
being subjected to SDS-PAGE separation, samples were thawed at room temperature and
then heated at 60 °C for 10 min. Self-casted 10% and 15% polyacrylamide resolving gels
were used to detect desmin and troponin-T degradation, respectively. For the detection of
calpain-1 and calpastatin, an 8% gel was used. All samples from the same muscle (2
treatments × 4 time points) were included on one gel along with a reference sample that
was collected at 30 min postmortem from the same muscle to represent fully intact proteins.
Separated proteins were transferred to nitrocellulose membranes and were reversibly
stained with Ponceau S to quantify total protein within each lane. Visualization and
quantification of total protein was performed using a UVP Chemstudio Imaging System
and software (Analytik Jena, Upland, CA, USA). Membranes were blocked with 1.5%
(w/v) casein in phosphate-buffered saline containing 0.1% (v/v) tween-20 (PBS-T) for 1 h
at room temperature. Membranes were then immunoblotted overnight at 4 °C with primary
antibodies diluted in PBS-T. Primary antibodies were diluted as follows: anti-desmin,
1:5000 (D1033, Millipore Sigma, St. Louis, MO, USA); anti-troponin-T, 1:20000 (T6277,
Millipore Sigma, St. Louis, MO, USA); anti-calpain-1, 1:2000 (MA3-940, Thermo
Scientific, Rockford, IL, USA); and anti-calpastatin, 1:1000 (MA3-944, Thermo Scientific,
Rockford, IL, USA). Membranes were then incubated with a fluorescent secondary
antibody (CF680, Biotium Inc., Fremont, CA, USA) and imaged with the previously
mentioned imaging system and software.
The disappearance of the 80 kDa subunit of calpain-1 was quantified and
normalized to the intensity of total protein within each lane to ensure equal amounts of
protein were loaded. Values obtained after total protein normalization were subsequently
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expressed as relative values to their fully intact form. The extent of desmin and troponinT degradation and abundance of calpastatin were calculated similarly.
6.2.7. Agarose gel
The extent of titin degradation was evaluated using the same solubilized protein
samples used for desmin and troponin-T degradation. Equal amounts of protein were
loaded and separated using 1.25% (w/v) vertical agarose gel in accordance with the
procedures of Warren et al. (2003). Gels were stained with a Coomassie staining solution
(45% [v/v] methanol, 10% [v/v] acetic acid, 0.25% [w/v] Coomassie brilliant blue G-250)
for 30 min at room temperature, destained overnight with water, and imaged with the same
imaging system mentioned above. The disappearance of intact titin was quantified and
normalized to myosin heavy chain within each lane and then expressed as values relative
to fully intact titin.
6.2.8. Free calcium determination
Free calcium concentration was measured using an Orion calcium selective
electrode attached to an Orion Star A214 pH/ISE benchtop meter (Thermo Scientific,
Pittsburgh, PA, USA) following the methods described by Hopkins and Thompson (2001)
and Dang et al. (2020b). Briefly, ~4 g of the frozen meat samples was removed from the
−80 °C freezer and transferred to a −20 °C freezer 2 weeks prior to measurement. Muscle
samples were held on ice for 10 min, finely minced, and then subjected to centrifugation
at 40,000 ×g for 30 min at 4 °C. Approximately 1 ml of the resulting supernatant was
aliquoted into a separate test tube containing 20 μl of 4 M KCl. All samples were incubated
in a dry heating block at 20 °C for 10 min before being measured. A calcium standard of
0.1-10 ppm was used to determine free calcium concentration in each sample.
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6.2.9. Mitochondrial isolation and respiration
Mitochondria were isolated using the differential centrifugation method as
described by Matarneh et al. (2017). Briefly, unfrozen meat samples (~ 0.5 g) were placed
in beakers containing 10 ml of ice-cold homogenization buffer (100 mM Sucrose, 180 mM
KCl, 50 mM Tris-base, 5 mM MgCl2, 1 mM K-ATP, 10 mM EDTA) and finely minced
with scissors. Subtilisin A (a protease) was added to the tissue suspension at 0.4 mg/ml
before homogenization with a Dounce homogenizer and a tight-fitting pestle.
Homogenates were then filtered through two layers of cheesecloth and centrifuged at 1000
×g for 10 min at 4 °C. The supernatants were filtered again before a second centrifugation
at 8000 ×g for 10 min at 4 °C. The resulting mitochondrial pellets were resuspended in a
buffer containing 220 mM mannitol, 70 mM sucrose, 10 mM Tris-HCl, and 1 mM EGTA
(pH 7.4). Mitochondrial protein concentration was determined using the Pierce BCA
protein assay kit.
Equal amounts of mitochondrial protein were plated, and a Seahorse XFp flux
analyzer (Seahorse Bioscience, North Billerica, MA, USA) was used to measure
mitochondrial oxygen consumption rate (OCR) according to the method of England et al.
(2018). Basal respiration rate was determined following the addition of 10 mM pyruvate.
Subsequently, 5 mM ADP was added to measure ADP-mediated respiration (state 3),
whereas 2 μM oligomycin was added to determine maximal non-phosphorylating
respiration (state 4). FCCP (0.3 μM) was used to determine maximal uncoupled respiration.
Respiratory control ratio (RCR) was calculated as a ratio of state 3 to state 4 respiration,
which represents the coupling between respiration and phosphorylation.
6.2.10. Reactive oxygen species level
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Reactive oxygen species (ROS) level was determined using methods provided by
Wang et al. (2017) with modifications. In brief, 0.1 g of tissue was homogenized at 1:10
ratio in ice-cold potassium phosphate buffer (100 mM, pH 7.4) using a bead-beating
homogenizer. Tissue homogenate was transferred into a new microcentrifuge tube
containing 5 μM 2’,7'- Dichlorofluorescin diacetate (DCFH-DA; Millipore Sigma, St.
Louis, MO, USA), vortexed, and incubated at 37 °C for 15 min. An aliquot (200 μl) was
then added in triplicate to a 96-well opaque fluorescent microplate. The increase in
fluorescence due to the oxidation of DCFH-DA by ROS was determined with a
SpectraMax iD3 fluorescence spectrophotometer (Molecular Devices, LLC, Sunnyvale,
CA, USA) at 488 nm for excitation and 525 nm for emission. Total protein concentration
of the tissue homogenate was determined using the RC DC protein assay kit in order to
express total fluorescence intensity per mg of protein.
6.2.11. Caspase-3 activity
Caspase-3 activity was measured using the EnzChek Caspase-3 assay kit #1
according to the manufacturer's protocol (Molecular Probes, Invitrogen, Carlsbad, CA,
USA). Briefly, powdered tissue was homogenized at 1:5 ratio in an ice-cold lysis buffer
containing 10 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA, and 0.01% (v/v) Triton
X-100 using a bead-beating homogenizer. Tissue homogenate was then centrifuged at
12,000 ×g for 5 min at 4 °C and 100 μl of supernatant was transferred in triplicate to a 96well opaque fluorescent microplate with or without 1 μl of 1 M Ac-DEVD-CHO (caspase3 inhibitor). Following an incubation period of 10 min at room temperature, 50 μl of the
fluorescent caspase-3 substrate (10 μM Z-Devd-AMC) was added to each well and further
incubated for 30 min at room temperature. Reaction products were assessed using the same
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fluorescence spectrophotometer mentioned in the previous section at 342 nm for excitation
and 441 nm for emission. Protein concentration of the supernatant was determined using
the Pierce BCA protein assay kit to express enzymatic activity per mg of protein. Total
caspase-3 activity was expressed as μM of substrate cleaved/min/mg protein.
6.2.12. Statistical analysis
Data were analyzed using the mixed model of JMP (SAS Institute Inc., Cary, NC,
USA) with steak as the experimental unit. The statistical model included the fixed effect
of treatment (ultrasonication or control), time (0, 24, 168, or 336 h post-treatment), and
their interaction and the random effect of steak. Differences between means were evaluated
using a student’s t multiple comparison test, with P ≤ 0.05 considered statistically
significant. All data are presented as least-squares means ± SE.

6.3. Results and discussion
6.3.1. pH, color, and cook loss
No differences in pH, L*, a*, or b* values were observed between control and
ultrasonicated steaks throughout the 14 d post-treatment period (P ≥ 0.07, Table 1). The
ultimate pH of beef (pH 5.5−5.7) is typically achieved by 24 h postmortem; thus, it was
not surprising that ultrasonication did not affect pH at all time points as samples were
collected and treated 24 h postmortem. Similar to our color data, recent studies have shown
no effect of ultrasonication on beef color during aging (Gonzalez-Gonzalez et al., 2020;
Peña-Gonzalez et al., 2019). However, other reports showed that subjecting beef steaks to
ultrasonication with a power intensity of 22 W/cm2 increases L* and decreases a* values
(Caraveo, Alarcon‐Rojo, Renteria, Santellano, & Paniwnyk, 2015; Pohlman, Dikeman, &
Kropf, 1997). The same effect has also been shown when beef samples were directly
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submerged into the liquid medium (Diaz‐Almanza et al., 2019; Pohlman, Dikeman, &
Zayas, 1997), presumably due to increasing the loss of color pigments into the ultrasonic
bath. The inconsistency between our color results and those reported in previous studies is
likely because we used a lower power intensity (12 W/cm2) and packaged our samples in
polyethylene bags. While no treatment effect was observed for cook loss, an increase in
cook loss was observed in both treatments over the aging period (P < 0.0001, Table 1).
Gonzalez-Gonzalez et al. (2020) and Jayasooriya, Torley, D’arcy, and Bhandari (2007)
also found that ultrasonication does not affect beef cook loss. The increase in cook loss of
aged meat has been attributed to increased water in the extracellular spaces, which can be
removed more easily during cooking compared to intracellular water (Kristensen &
Purslow, 2001; Purslow, Oiseth, Hughes, & Warner, 2016).
6.3.2. Tenderness
Interest in ultrasonication has grown because of its potential to improve tenderness
without negatively affecting other quality characteristics of meat (Jayasooriya, Bhandari,
Torley, & D'arcy, 2004). To evaluate if ultrasonication improved beef tenderness in this
study, WBSF was measured at each post-treatment time point. Immediately following
treatment, a significant decrease in WBSF was observed in the ultrasonicated steaks (P =
0.001, Fig. 6-1). This difference was maintained at 24, 168, and 336 h post-treatment (P <
0.0001). Reduction in WBSF suggests that ultrasonication has accelerated the tenderization
process during aging. By 168 h post-treatment, control steaks had an average WBSF value
of ~48 N, while ultrasonicated steaks had ~38 N. According to Destefanis, Brugiapaglia,
Barge, and Dal Molin (2008), a steak is considered “tender” if it has a WBSF value between
33-42 N, and “intermediate tender” if it has a value between 43-53 N.
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Skeletal muscle is comprised of a tightly bound network of fibers and fragmenting
this structure through ultrasonication produces a more tender product. Several studies have
shown that ultrasonication improves meat tenderness by causing microstructural changes
such as increasing interfibrillar space (Siró et al., 2009), enhancing fragmentation of the Zline (Stadnik et al., 2008), and reducing overall structural intactness (Wang et al., 2018).
Although structural analysis was not conducted in this study, Zou et al. (2018) attributed
the improvement in meat tenderness immediately after ultrasonication to physical
disruption of the myofibrillar structure. Thus, in the current study, physical impairment of
the myofibrillar network had likely contributed to the decreased WBSF values observed in
the ultrasonicated steaks at 0 h post-treatment. However, improvement in beef tenderness
during aging has been mainly attributed to proteolysis (Koohmaraie, Whipple, Kretchmar,
Crouse, & Mersmann, 1991), particularly in the longissimus muscle (Goll et al., 1983;
Wheeler & Koohmaraie, 1999). Indeed, several studies have observed an increase in
proteolytic degradation of meat myofibrillar proteins following ultrasonication (Roncalés,
Ceña, Beltrán, & Jaime, 1993; Wang et al., 2018).
6.3.3. Proteolysis
To test if ultrasonication enhanced postmortem proteolysis, we evaluated three
protein biomarkers that are susceptible to proteolytic degradation during aging, namely
titin, desmin, and troponin-T. Troponin-T is one of three subunits of the troponin complex
that regulates skeletal muscle contraction (Farah & Reinach, 1995), while desmin and titin
are two myofibrillar proteins involved in maintaining the structural stability of the
sarcomere (Lonergan, Zhang, & Lonergan, 2010). Treatments differentially affected titin
degradation over time (treatment × aging time, P = 0.01, Fig. 6-2A). Ultrasonicated steaks
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had lower intact (T1) titin at 0 and 24 h post-treatment in comparison to control steaks (P
≤ 0.05), indicating greater proteolysis. At 168 and 336 h post-treatment, T1 titin was fully
degraded in both control and ultrasonicated steaks. The immediate effect of ultrasonication
(at 0 h post-treatment) was not observed for troponin-T degradation (P = 0.6, Fig. 6-2B).
However, ultrasonicated steaks had lower intact troponin-T at 24 h post-treatment than that
of control steaks (P = 0.004), but no difference was observed between the two treatments
at 168 and 336 h (P ≥ 0.6). Conversely, a difference in desmin degradation was not
noticeable until 168 h post-treatment, in which ultrasonicated steaks possessed greater
desmin degradation (P = 0.03, Fig. 6-2C). This effect was maintained at 336 h posttreatment (P = 0.01). Similar results were found by other researchers (Kang, Gao, Ge,
Zhou, & Zhang, 2017; Roncalés et al., 1993; Zou et al., 2018), in which ultrasonication
enhanced the degradation of myofibrillar proteins associated with meat tenderness. This is
most likely a consequence of increased activity of proteolytic enzyme systems in the
muscle.
6.3.4. Calpain-1 autolysis and calpastatin content
In skeletal muscle, three members of the calpain family are expressed: calpain-1
(μ-calpain), calpain-2 (m-calpain), and calpain-3 (p94) (Kemp et al., 2010). What
distinguishes the former two isoforms is the calcium needed for their activation, with
calpain-1 and -2 requiring micro- and millimolar concentration, respectively. Improvement
in meat tenderness during aging has been largely attributed to the proteolytic activity of
calpain-1 (de Oliveira, Delgado, Steadham, Huff-Lonergan, & Lonergan, 2019; Geesink et
al., 2006), while the other two calpains play a minor to no role (Koohmaraie, Seidemann,
Schollmeyer, Dutson, & Crouse, 1987; Geesink, Taylor, & Koohmaraie, 2005). As an
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endopeptidase, calpain-1 is involved in the proteolytic degradation of myofibrillar proteins
such as titin, nebulin, troponin-T, filamin, and desmin (Hopkins & Taylor, 2004). In the
presence of enough calcium, calpain-1 undergoes autolysis, in which the 80 kDa subunit is
autolyzed to its more active 76 kDa form. Therefore, this calcium-dependent phenomenon
has been utilized to evaluate calpain-1 activity in meat (Cruzen, Paulino, Lonergan, &
Huff-Lonergan, 2014; Koohmaraie, 1992). In the present study, an interaction effect
between treatment and aging time was found significant for calpain-1 autolysis (P = 0.001,
Fig. 6-3A). Increased calpain-1 autolysis was observed in the ultrasonicated steaks at 0 and
24 h post-treatment (P ≤ 0.05), as evidenced by the greater degradation of the 80 kDa
subunit. By 168 h post-treatment, complete autolysis of the 80 kDa subunit was achieved
in both treatment groups. Previous studies have shown that ultrasonication has the potential
to improve meat tenderness via early activation of calpain-1 (Chen et al., 2015; Wang et
al., 2018). It was suggested that ultrasonication is capable of disrupting calcium storing
organelles such as sarcoplasmic reticulum and mitochondria (Alliger, 1975; Lyng et al.,
1997), thereby increasing cytosolic calcium concentration and consequently calpain-1
autolysis (Dolatowski & Stadnik, 2007; Got et al., 1999).
In addition to calcium, calpain-1 is regulated by its endogenous inhibitor,
calpastatin (Kumamoto et al., 1992). At calcium concentrations lower than those needed to
activate calpain-1, calpastatin actively binds to and inhibits calpain-1 (Goll, Thompson, Li,
Wei, & Cong, 2003). However, at higher cellular calcium concentrations, calpastatin is
degraded by calpain-1 and other proteases within the muscle (Doumit & Koohmaraie,
1999). A treatment × aging time interaction was detected for calpastatin degradation (P =
0.01, Fig. 6-3B). More degradation of calpastatin was observed at 24 h post-treatment in

154
the treated steaks compared to that of control steaks (P < 0.0001). At 168 and 336 h posttreatment, the majority of calpastatin was degraded in both treatments. Doumit and
Koohmaraie (1999) similarly observed complete degradation of calpastatin in 7 and 14 d
aged meat. Taken together, ultrasonication enhanced calpain-1 autolysis and calpastatin
degradation, phenomena that are usually associated with elevated cytosolic calcium levels.
6.3.5. Free calcium
Given the importance of calcium in activating calpain-1, methods such as electrical
stimulation of carcasses (Hope-Jones, Strydom, Frylinck, & Webb, 2010; Hwang &
Thompson, 2001) and injection of calcium solutions into the meat (Morgan, Miller,
Mendez, Hale, & Savell, 1991; Wheeler, Crouse, & Koohmaraie, 1992) have been utilized
to elevate cytosolic calcium levels with the intention of accelerating the activation of
calpain-1. To evaluate if ultrasonication had a similar effect, cytosolic calcium
concentration was evaluated at each post-treatment period (Fig. 6-4). Free calcium
concentration of the treated steaks was higher than that of control steaks at all time points
(P < 0.0001). At 0 h post-treatment, a concentration of ~200 μM was obtained in the treated
steaks; a concentration that is well above the required threshold for calpain-1 autolysis
(Geesink et al., 2006). This finding is in agreement with previous reports that
ultrasonication elevates free calcium concentration in bovine muscle (Dolatowski &
Stadnik, 2007; Got et al., 1999). The increase in calcium concentration in the treated steaks
is possibly due to disruption of the sarcoplasmic reticulum and mitochondria by ultrasound
shock waves (Roncalés et al., 1993).
6.3.6. ROS production, mitochondria efficiency, and caspase-3 activity
In skeletal muscle, mitochondria play a major role in regulating cellular calcium
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homeostasis (Giorgi et al., 2012). These organelles sequester a significant amount of
calcium to help maintain a constant intracellular calcium concentration (Dang et al.,
2020b). However, mitochondrial calcium overload promotes the production of ROS, which
together trigger the opening of mitochondrial permeability transition pores. This event,
leads to the loss of mitochondrial membrane potential, swelling of the mitochondria, and
eventually rupture of the outer membrane (Matarneh, Silva, & Gerrard, 2020),
which allows the release of proteins located in the mitochondrial intermembrane space
such as cytochrome c into the cytosol. In the cytosol, cytochrome c initiates a cascade of
events that result in the activation of the intrinsic apoptotic pathway that involves caspase3 activation (Denecker et al., 2000; Loeffler & Kroemer, 2000). Caspase-3 has been shown
to degrade the same myofibrillar proteins targeted by calpain-1 (Huang, Huang, Xue, Xu,
& Zhou, 2011; Wang et al., 2017). Using proteomic approaches, enhanced beef tenderness
was shown to be associated with greater susceptibility to apoptosis (Gagaoua, Terlouw,
Boudjellal, & Picard, 2015; Rodrigues et al., 2017). Moreover, the expression of heat shock
proteins, a family of proteins that possess an anti-apoptotic effect, were found to be
negatively correlated with meat tenderness (Bernard et al., 2007; Bjarnadóttir, Hollung,
Høy, & Veiseth-Kent, 2011). Yet, the regulation of caspases and their exact mechanism
involving postmortem tenderization has not been thoroughly investigated and understood.
Interestingly, Chen et al. (2015) and Xiong et al. (2012) observed an increase in caspase-3
activity in meat samples that were subjected to ultrasonication. However, the mechanisms
leading to the enhancement in the activity of caspase-3 were not evaluated in these studies.
To evaluate if ultrasonication can enhance the activity of caspase-3 through
mitochondrial apoptotic pathway, ROS level, mitochondrial efficiency, and caspase-3
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activity were evaluated in this study. Steaks subjected to ultrasonication had higher levels
of ROS at 0, 24, and 336 h post-treatment compared to control steaks (P ≤ 0.05, Fig. 6-5).
Xiong, Gao, Tume, Zhou, & Xu (2019) indicated that elevated cytosolic calcium levels
trigger mitochondrial calcium uptake, which subsequently stimulates mitochondrial
oxidative phosphorylation and generation of ROS. Further, calcium also acts as a
secondary messenger to other non-mitochondrial enzymes that are capable of generating
ROS within the cell (Görlach, Bertram, Hudecova, & Krizanova, 2015). Thus, the increase
in ROS production in the ultrasonicated steaks may be due to the greater increase in
cytosolic calcium concentration (Fig. 6-4). Because excessive ROS causes oxidative
mitochondrial damage (Zorov, Juhaszova, & Sollott, 2006), mitochondria respiratory
efficiency was evaluated at all time points (Table 2). However, because no respiration was
detected in isolated mitochondria of both treatments at 168 and 336 h post-treatment, only
respiration data at 0 and 24 h post-treatment are reported. Basal and state 3 respiration of
mitochondria isolated from the ultrasonicated steaks were lower than those isolated from
the control steaks at 0 and 24 h post-treatment (P ≤ 0.03). State 3 respiration evaluates
mitochondrial capacity for substrate oxidation and ATP synthesis; thus, a lower state 3
indicates impaired mitochondrial functionality (Brand & Nicholls, 2011). OCR under
oligomycin (state 4) is utilized as an indicator of proton leakage through the inner
mitochondrial membrane (Hill et al., 2012). No differences in state 4 were detected
between the two steak groups at 0 and 24 h post-treatment (P ≥ 0.7). Similarly, maximal
leak respiration in the presence of FCCP was not affected by ultrasonication at 0 and 24 h
post-treatment (P ≥ 0.2). A better measurement of overall mitochondrial efficiency can be
achieved by calculating the RCR (state 3/state 4) value, with a lower value suggesting
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greater dysfunction (Brand & Nicholls, 2011). In this case, RCR values were ~29 and 37%
lower in ultrasonicated steaks compared to control steaks at 0 and 24 h post-treatment (P ≤
0.02), respectively.
Increased mitochondrial dysfunction has been associated with greater release of
cytochrome c and activation of caspase-3 (Borutaite, Jekabsone, Morkuniene, & Brown,
2003; Garrido et al., 2006). In this study, caspase-3 activity was evaluated at all time points;
however, only the 0 h post-treatment data are reported, as no caspase-3 activity was
detected at 24, 168, and 336 h post-treatment. Ultrasonicated steaks had greater caspase-3
activity at 0 h post-treatment (24 h postmortem) than control steaks (P = 0.001; Fig. 6-6).
Kemp, Bardsley, and Parr (2006) observed strong caspase-3 activity in porcine longissimus
muscle in the early postmortem period (2 h to 32 h postmortem), but little to no activity by
192 h. Thus, supporting that activation of caspase-3 is an early postmortem event (Chen et
al., 2011; Huang et al., 2014). In totality, ultrasonication of beef steaks increases ROS
production, which, in turn, induces mitochondrial dysfunction and subsequently caspase-3
activity.

6.4. Conclusions
The findings presented in this study demonstrate that ultrasonication of post-rigor
beef steaks enhances postmortem proteolysis and tenderness without negatively affecting
other quality characteristics such as pH, color, and cook loss. Improved proteolysis in the
ultrasonicated steaks was associated with an increase in calpain-1 autolysis, calpastatin
degradation, and caspase-3 activity. The increase in calpain-1 autolysis and caspase-3
activity, respectively, was likely due to elevated cytosolic calcium and increased
mitochondrial dysfunction in the ultrasonicated steaks. Additional work is warranted to
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explore other possible mechanisms through which ultrasonication improves meat
tenderness.
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Tables

Characteristics

Time post-treatment (h)
0
24
168
336

SEM

TRT

P-value
AT
TRT × AT

pH
Control
Treatment

5.58
5.59

5.59
5.60

5.56
5.57

5.59
5.54

0.02
0.03

0.24

0.60

0.19

Control
Treatment

39.9
40.1

40.2
39.8

41.3
40.9

41.8
41.8

0.66
0.62

0.08

0.60

0.94

Control
Treatment

20.2
20.1

21.6
20.3

21.6
20.0

20.4
20.7

0.52
0.44

0.53

0.07

0.21

Control
Treatment
Cook loss (%)
Control
Treatment

10.0
9.5

10.8
10.0

10.8
10.6

11.4
11.2

0.36
0.31

0.1

0.08

0.77

19.4c 21.3bc 22.0b 23.6a
20.6c 19.7bc 21.6b 24.4a

0.72
0.61

0.98

< 0.0001

0.32

L*

a*

b*

Table 6-1. pH, L*, a*, b*, and cook loss of control and ultrasonicated beef steaks at 0, 24,
168, and 336 h post-treatment. Data are least-squares means ± SE. a-cMeans lacking a
common superscript letter differ significantly within the same row (P ≤ 0.05). TRT =
treatment; AT = aging time; TRT × AT = interaction term between treatment and aging
time.
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Time post-treatment
(h)
Baseline (pmol/min/µg)
0
24
State 3 (pmol/min/µg)
0
24
State 4 (pmol/min/µg)
0
24
FCCP (pmol/min/µg)
0
24
RCR (State 3/State4)
0
24

TRT

P-value
AT
TRT×AT

2.8
2.4

0.01

0.21

0.64

137.7b,x
97.1b,y

17.5
10.1

0.0002

0.03

0.09

12.3
13.1

14
13.3

2.5
4.11

0.92

0.51

0.94

128.7
107.8

127
88

20.5
22.6

0.11

0.32

0.23

13.9a,x
11.6a,y

9.8b,x
7.3b,y

0.9
1.2

0.003

0.02

0.1

Control

Treatment

SEM

39.5a
38.9a

26.8b
27.7b

166.5a,x
151.9a,y

Table 6-2. Baseline respiration, state 3, state 4, uncoupled (FCCP) respiration, and
respiratory control ratio (RCR) of isolated mitochondria from control and ultrasonicated
steaks at 0 and 24 h post-treatment. Data are least-squares means ± SE. a-bMeans lacking a
common letter differ significantly within the same row (P ≤ 0.05). x-yMeans lacking a
common letter differ significantly within the same column (P ≤ 0.05). TRT = treatment;
AT = aging time; TRT × AT = interaction term between treatment and aging time.
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Figures

Fig. 6-1. Warner-Bratzler shear force (WBSF) values of control and ultrasonicated beef
steaks at 0, 24, 168, and 336 h post-treatment. Data are least-squares means ± SE. ae
Means lacking a common letter differ significantly (P ≤ 0.05).

Fig. 6-2. A) representative agarose gel (top) and relative band intensity (bottom) of titin
proteolysis; B) representative western blot (top) and relative band intensity (bottom) of
troponin-T proteolysis; C) representative western blot (top) and relative band intensity
(bottom) of desmin proteolysis of control and ultrasonicated beef steaks at 0, 24, 168, and
336 h post-treatment. Data are least-squares means ± SE. a-eMeans lacking a common letter
differ significantly (P ≤ 0.05).
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Fig. 6-3. A) representative western blot of calpain-1 autolysis (top) and relative band
intensity (bottom) of the 80 kDa subunit of calpain-1; B) representative western blot (top)
and relative band intensity (bottom) of calpastatin of control and ultrasonicated beef steaks
at 0, 24, 168, and 336 h post-treatment. Data are least-squares means ± SE. a-cMeans lacking
a common letter differ significantly (P ≤ 0.05).

Fig. 6-4. Free calcium concentration (μM) of control and ultrasonicated beef steaks at 0,
24, 168, and 336 h post-treatment. Data are least-squares means ± SE. a-dMeans lacking a
common letter differ significantly (P ≤ 0.05).
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Fig. 6-5. Reactive oxygen species (ROS) level (intensity/mg protein) of control and
ultrasonicated beef steaks at 0, 24, 168, and 336 h post-treatment. Data are least-squares
means ± SE. a-eMeans lacking a common letter differ significantly (P ≤ 0.05).

Fig. 6-6. Caspase-3 activity (μM of cleaved substrate/min/mg protein) of control and
ultrasonicated beef steaks at 0 h post-treatment. Data are least-squares means ± SE.
*Indicates means differ significantly (P ≤ 0.05).
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CHAPTER VII
CONCLUSION

Tenderness of meat products is dictated by both physical and biochemical changes
related to connective tissue content and solubility, intramuscular fat, sarcomere length, and
postmortem proteolysis. Among these factors, postmortem proteolysis during meat aging
is regarded as the most important contributor to end-product tenderness. The calciumdependent calpain and apoptotic caspase systems are the two most recognized systems that
participate in proteolysis during meat aging. Although an accumulation of research has
been dedicated to understanding the mechanisms that control postmortem proteolysis,
variation in tenderness still exists, suggesting the existence of unexplored mechanisms.
Findings presented in this dissertation demonstrate that mitochondria can
contribute significantly to postmortem proteolysis and tenderness through modulating
cytosolic calcium levels and, subsequently, calpain-1 activity. Mainly, the uptake of
cytosolic calcium by the mitochondria delays the activation of calpain-1, resulting in
limited postmortem breakdown of myofibrillar proteins. To further explore the role of
mitochondria in postmortem proteolysis and meat tenderness, we evaluated the muscle
fiber characteristics of two groups of beef steaks varying in tenderness. The results from
this study demonstrated that muscle with greater glycolytic characteristic (less
mitochondria) was associated with more proteolysis and tenderness. In a follow-up study,
a proteomic investigation was conducted on the same set of steaks to identify biomarkers
of meat tenderness. The findings of this study suggested that the difference in tenderness
between the two groups is due to greater relative abundance of chaperonin and calcium
binding proteins in the less tender steaks which, in turn, could have limited proteolysis by
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calpains and other endogenous proteases. Furthermore, greater abundance of connective
tissue proteins was observed in the less tender steaks, which is consistent with our current
understanding that increased connective tissue content is associated with lower meat
tenderness. Lastly, we investigated the role of mitochondria in postmortem apoptosis and
found that activation of the caspase system during early postmortem may result from
mitochondria dysfunction. Therefore, it suggests that proteolysis and meat tenderness are
events that are not only influenced by calpains but, in part, by caspases as well.
Collectively, our results suggest that mitochondria remain functional in early
postmortem muscle and act as “calcium sinks”, delaying the activation of the calpain
system and thereby proteolysis. However, during meat maturation, mitochondria begin to
dysfunction, releasing substrates necessary for the activation of caspase-3 and those
systems associated with cellular apoptosis. Similarly, ultrasonication can be employed to
disrupt the mitochondria and thereby release substrates that can activate caspase-3. Hence,
mitochondria contribution to meat tenderness may be viewed as a two-part mechanism,
initially limiting proteolysis by sequestering the necessary calcium for calpain activation
and later enhancing tenderness by activating the apoptotic caspase system. It is important
to be aware that the effects observed in these studies may be muscle dependent, as other
muscle types are more inclined to be influenced by other factors that modulate tenderness,
such as connective tissue content and solubility or sarcomere length. In this project,
however, we utilized the longissimus muscle of beef, in which its tenderness has been
shown to be predominantly influenced by postmortem proteolysis.
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